[1] In environmental magnetism, rock and mineral magnetic techniques are used to investigate the formation, transportation, deposition, and postdepositional alterations of magnetic minerals under the influences of a wide range of environmental processes. All materials respond in some way to an applied magnetic field, and iron-bearing minerals are sensitive to a range of environmental processes, which makes magnetic measurements extremely useful for detecting signals associated with environmental processes. Environmental magnetism has grown considerably since the mid 1970s and now contributes to research in the geosciences and in branches of physics, chemistry, and biology and environmental science, including research on climate change, pollution, iron biomineralization, and depositional and diagenetic processes in sediments to name a few applications. Magnetic parameters are used to routinely scan sediments, but interpretation is often difficult and requires understanding of the underlying physics and chemistry. Thorough examination of magnetic properties and of the environmental processes that give rise to the measured magnetic signal is needed to avoid ambiguities, complexities, and limitations to interpretations. In this review, we evaluate environmental magnetic parameters based on theory and empirical results. We describe how ambiguities can be resolved by use of combined techniques and demonstrate the power of environmental magnetism in enabling quantitative environmental interpretations. We also review recent developments that demonstrate the mutual benefit of environmental magnetism from close collaborations with biology, chemistry, and physics. Finally, we discuss directions in which environmental magnetism is likely to develop in the future.
INTRODUCTION
[2] Environmental magnetism is an interdisciplinary subject that integrates research on a wide range of topics . The basic principle of environmental magnetism involves linking magnetic properties of mineral assemblages to the environmental processes that control them. Environmental changes, including climate, occur over variable time scales and can influence the mode of sediment transport, deposition, and/or diagenetic reactions [e.g., Thompson et al., 1980; Thompson and Oldfield, 1986; Oldfield, 1991; Verosub and Roberts, 1995; Maher and Thompson, 1999] . The magnetic properties of many minerals in different domain states have been systematically investigated since the development of paleomagnetism [Dunlop and Özdemir, 1997] . The initial purpose of rock and mineral magnetic studies was to investigate the directional stability of remanence carried by magnetic minerals over geological time scales. Magnetic stability relies not only on the domain states of the constituent rock-forming magnetic minerals [Dunlop and Özdemir, 1997] but also on how those minerals formed and were subsequently preserved or transformed. Insights from rock and mineral magnetism that relate magnetic properties to magnetic mineralogy and changes in their concentration, grain size or grain shape, 1 therefore serve as the foundation for what has come to be known as "environmental magnetism" [Thompson et al., 1980; Thompson and Oldfield, 1986; Verosub and Roberts, 1995] .
[3] In 1986, Roy Thompson and Frank Oldfield published the seminal textbook Environmental Magnetism, which defined the basic scope of the subject. After a decade, Verosub and Roberts [1995] summarized new developments and foresaw a bright future for environmental magnetism, pointing out the inherent advantages of magnetic techniques. For example, magnetic measurements are efficient, nondestructive, sensitive, and, most important, they can address significant issues that cannot be resolved with other techniques. The 1997 textbook by David Dunlop and Özden Özdemir, Rock Magnetism: Fundamental and Frontiers, systematically explained the physical basis for different magnetic parameters in detail. Maher and Thompson [1999] summarized developments in environmental magnetic analysis of Quaternary settings in their textbook Quaternary Climates, Environments and Magnetism. More recently, Evans and Heller [2003] outlined the range of themes addressed by environmental magnetism and treated developments such as biomagnetism and magnetic monitoring of pollution in greater depth than previous reviews. Tauxe [2010] updated the rock magnetic toolkit available to environmental magnetism and described recent applications.
[4] The fields of rock and environmental magnetism have grown considerably over the past 30 years. Advances have been driven by the fact that iron-bearing minerals are sensitive to many environmental processes, which makes magnetic analysis extremely useful in studies of climate change (e.g., assessing paleoclimate fluctuations recorded by loesspaleosol sequences and lake and marine sediments (see section 4)), pollution, iron biomineralization, and in understanding depositional and diagenetic processes in sediments. The wide range of geological, biological and environmental processes that can produce and mix magnetic minerals means that increasing efforts have been made in recent years to unravel complex magnetic signals to understand the respective significance and the environmental processes from which they result. Furthermore, minute quantities of magnetic minerals are easily detected with modern magnetic measurement systems. These facts will ensure the widespread use of environmental magnetism and its techniques to address many problems in the geosciences, and in branches of physics, chemistry, biology and environmental science. Pioneering studies on the subject have been well summarized by Verosub and Roberts [1995] . In this paper, we focus on recent progress in rock and environmental magnetism. First, we evaluate environmental magnetic parameters, based on theory and empirical results. We show how ambiguities can be resolved by combining techniques and we demonstrate their power for enabling quantitative environmental interpretations. We also review recent developments in environmental magnetism, to demonstrate how it has benefited from collaborations with biology, chemistry and physics and how it has also had impact in these fields. We conclude with a perspective on how environmental magnetism is likely to develop in the near future.
FUNDAMENTALS OF ROCK AND ENVIRONMENTAL MAGNETISM
[5] Magnetic parameters provide information on the concentration, domain state (or indirectly the magnetic grain size), and mineralogy of magnetic particles in a sample, all of which are related to original geological or subsequent environmental processes. The physics of magnetism and physical interpretation of many magnetic parameters have been previously well summarized [e.g., Thompson and Oldfield, 1986; Hunt et al., 1995a; Verosub and Roberts, 1995; Dekkers, 1997; Dunlop and Özdemir, 1997; Walden et al., 1999; Maher and Thompson, 1999; Peters and Dekkers, 2003; Evans and Heller, 2003; Liu et al., 2007a; Tauxe, 2010] . In this section, we briefly sketch the main concepts for uninitiated readers. Readers who are familiar with rock and environmental magnetic techniques may wish to proceed directly to Section 3. For simplicity, we use the term "oxide" to include both iron oxides and oxyhydroxides. Thus, magnetite, maghemite and hematite, as well as ferrihydrite, goethite and lepidocrocite classify as "oxides" when this term is used with quotation marks.
2.1. The Physical Framework for Interpretation of Magnetic Parameters 2.1.1. Room Temperature Properties 2.1.1.1. Magnetic Susceptibility [6] One of the most widely used magnetic properties is the low-field magnetic susceptibility (c, mass specific, or k, volume specific). c is defined as the ratio between the magnetic response (or the induced magnetization, M) of a material to an applied magnetic field (H), c = dM/dH. Unlike magnetic remanence, all materials contribute to the bulk c of a sample. Therefore, despite its widespread use, c is a complex parameter that reflects contributions from minerals that retain a strong remanent magnetization in the absence of an applied field (i.e., ferromagnetic materials, sensu lato, e.g., magnetite, maghemite), a weak remanent magnetization (i.e., antiferromagnetic materials, e.g., hematite and goethite), and those that are "nonmagnetic," which include paramagnetic (e.g., silicates, clays), and diamagnetic (e.g., quartz, carbonate) materials. Therefore, to characterize the ferrimagnetic (c ferri ) component (e.g., due to magnetite, pyrrhotite, greigite) in samples, contributions from paramagnetic (c para ) and imperfect antiferromagnetic minerals (e.g., hematite and goethite) must be subtracted from the bulk c. The magnetization of ferrimagnetic minerals tends to saturate in large applied magnetic fields. The susceptibility in saturating fields (i.e., the high-field slope, c high ) is frequently used as a proxy for the nonferrimagnetic contribution to susceptibility (i.e., the combined paramagnetic and diamagnetic contributions). The ferrimagnetic susceptibility is then given by: c ferri = c À c high . c ferri is mildly grain size dependent owing to the effects of complex spin structures that depend on the size and shape of magnetic particles. For example, at sizes larger than a few hundred nanometers, magnetite crystals break into regions of uniform magnetization (magnetic domains) to reduce the overall magnetic energy [Dunlop and Özdemir, 1997; Tauxe, 2010] . Domain walls can migrate through a crystal in response to changing external field and temperature conditions (domain structures are illustrated in Figure 1 ). Grains with magnetic domain walls, which are known as multidomain (MD) grains, therefore, respond differently to applied fields than magnetically ideal single domain (SD) grains that are uniformly magnetized and that have no domain walls. At the small end of the grain size spectrum, SD grains have magnetic moments that are strongly constrained to lie along particular directions within the grain, which limits their c. But the magnetization of the smallest SD grains can be dominated by thermal fluctuations; their moments are not constrained and they exhibit what is known as superparamagnetic (SP) behavior and have much higher c than SD grains. For hydrothermally grown magnetites with grain sizes >$100 nm, Heider et al. [1996] found that c is independent of grain size, which could be Figure 1d ). The central subfigure is a plot of grain size-dependent ratios of hysteresis parameters [Day et al., 1977] with data ranges for M rs /M s versus B cr /B c (usually named the Day plot) that divides the region into SD, PSD, and MD fields. For a more detailed explanation of the Day plot, readers are referred to Dunlop [2002a Dunlop [ , 2002b . because internal stress in these particles is low compared to natural minerals.
[7] The ability of the magnetic moment to respond to changes in the external field is time and temperature dependent. c therefore depends on the measurement frequency used or the length of time over which measurements are made. Generally, the magnetic properties of MD and SD materials reflect fundamentally different magnetization mechanisms, and are controlled by nucleation, annihilation, pinning and movement of domain walls, or by rotation of magnetization, respectively. As a result, these types of grains can be easily distinguished. However, SP and MD particles have many similarities in their magnetic response because they are both less stable than SD grains. The environmental processes that dictate the presence of coarse versus fine grains can be vastly different. It is therefore crucially important to be able to clearly distinguish SP from MD grains in environmental magnetic studies (see below).
[8] Grains of an intermediate size, which are too small to separate into domains, yet are too large to be uniformly magnetized, exhibit complex electronic spin patterns (Figure 1 ). For example, instead of two domains separated by a domain wall, the grain may be almost entirely occupied by a domain wall-like structure known as a vortex [Schabes and Bertram, 1988; Williams and Dunlop, 1989] . Smaller grains may have spins that fan out in "flower" structures. These grains exhibit behaviors that are transitional between those of true MD and SD grains and are termed pseudo single-domain (PSD) grains [e.g., Stacey, 1962; Stacey and Banerjee, 1974; Williams and Dunlop, 1995] .
[9] Organization of internal configurations of magnetic spins as SD, PSD, or MD structures means that c ferri varies mildly with grain size (Figure 2 ) as well as with magnetic mineral concentration for strongly magnetic minerals [Peters and Dekkers, 2003] . Near the SP/SD boundary ($20-25 nm for magnetite) [Maher, 1988; Worm, 1998 ], things become more complex. The threshold at which a particle transforms from stable SD to SP behavior is controlled by the time over which it can respond to external forcing by an applied field, and is therefore both time and temperature dependent. By decreasing temperature or the time span of observation, grains near the SP/stable SD boundary can change from the SP state to the stable SD state [O'Reilly, 1984; Worm, 1998 ]. In practice, this can be done by increasing the observation frequency (e.g., from 470 Hz to 4700 Hz, the two operating frequencies for the commonly used Bartington Instruments magnetic susceptibility meter). Changing from the SP to the stable SD state causes a sharp decrease in c [ Thompson and Oldfield, 1986; Worm, 1998; Till et al., 2011] . Therefore, the absolute frequency-dependent susceptibility c fd (= c 470 Hz À c 4700 Hz ) is used to determine the concentration of magnetic particles over a small grain size window across the SP/stable SD boundary [Liu et al., 2005a] . c fd can be normalized by c ferri (c fd % = c fd /c ferri Â 100%). c fd and c fd % are both used to detect the presence of SP particles [Zhou et al., 1990; Worm, 1998; Liu et al., 2005a] . c fd % is also related to the grain size distribution of the SP/SD particle assemblage [Worm, 1998 ]. SP behavior is extremely temperature dependent, which means that it is useful to measure c as a function of temperature [e.g., Dunlop, 1973; Liu et al., 2005a] . 2.1.1.2. Anhysteretic Remanent Magnetization
[10] The smallest stable SD particles have the lowest c ferri , but have the highest ability to retain a magnetic remanence [Banerjee et al., 1981; King et al., 1982; Hunt et al., 1995a] . One such remanence, the anhysteretic remanent magnetization (ARM), is imparted by placing a sample in an alternating field (e.g., AF = $100 mT) with a superimposed small biased direct current field (e.g., DC = $50 microtesla, mT). ARM is proportional to the DC bias field, therefore, it is frequently expressed as the susceptibility of ARM (c ARM = ARM/DC bias field). The different behaviors of c and ARM (or c ARM ) with grain size (Figures 2a and 2c) led Banerjee et al. [1981] to propose that plots of c versus c ARM (the Banerjee diagram) are useful for detecting grain size changes (Figure 2f) . King et al. [1982] proposed that c ARM can be plotted versus c ferri in a modified Banerjee diagram known as the King diagram.
[11] While ARM is a useful parameter, interpretations involving ARM are not without complication. For example, the relationship between c ARM and c fd (or c fd %) can be sensitive to the relative concentration of SP and stable SD particles. Moreover, c ARM assumes that ARM is linearly related to the DC bias field. This assumption is rarely tested and fails at DC fields >$80 mT [Tauxe, 1993] . ARM is strongly dependent on magnetic particle concentration; ARM can decrease with increasing concentration due to interactions among magnetic particles [Sugiura, 1979] . Finally, ARM acquisition depends on differences in equipment, magnitudes of applied AF and DC fields, decay rates [Yu and Dunlop, 2003] , and on other experimental factors used to impart ARM in different laboratories .
Isothermal Remanent Magnetization
[12] When a sample is exposed to a virtually instantaneously applied large magnetic field (i.e., over nanoseconds or milliseconds), it becomes remagnetized along the applied field direction. This magnetization is termed an isothermal remanent magnetization (IRM). The IRM increases with increasing applied field until the response is saturated and the sample acquires a room temperature saturation IRM (SIRM or M rs ). A DC field of 1 T is usually used, although such a field will not saturate imperfect antiferromagnetic materials (hematite, goethite). Therefore, an IRM imparted at 1 T is often specified as IRM 1 T rather than as SIRM. Higher maximum applied fields (>1.5-2 T) are preferable, although even these fields will still not fully saturate hematite or goethite; the latter mineral (without Al substitution) does not even saturate in an applied field of 57 T [Rochette et al., 2005] .
[13] SIRM can reflect magnetic mineral concentration when the magnetic grain size and mineralogy remain relatively constant. Similar to the c ARM /c ferri ratio, c ARM /SIRM is also grain size dependent [Peters and Dekkers, 2003] . In some cases, c ARM /SIRM is a superior parameter to c ARM / c ferri because the former is affected only by particles that carry a permanent magnetization (i.e., those with stable SD and larger grain sizes), whereas c ARM /c ferri is also strongly affected by SP particles. The SIRM/c ratio is also frequently used as an indicator of SD greigite particles in sedimentary environments [e.g., Snowball, 1991; Roberts and Turner, 1993; Roberts, 1995] , where enhanced SIRM values compared to c indicate the superior magnetic recording capability of SD particles.
Saturation Magnetization (M s )
[14] Like the remanent magnetization, the induced magnetization (M) also increases with increasing applied field. At a critical field ($300 mT for magnetite), the electronic spins are fully aligned and M no longer responds to increasing applied fields. The resulting magnetization is the saturation magnetization (M s ). Unlike other parameters, M s is independent of grain size, and is therefore an excellent proxy for the concentration of magnetic minerals. M is measured in the presence of an applied field, therefore M s in samples with significant paramagnetic content needs to have the paramagnetic susceptibility (estimated from the highfield slope) subtracted. M s can also be combined with other parameters. For example, c ferri /M s is sensitive to the presence of SP grains [Hunt et al., 1995a; Liu et al., 2003] because of the enhanced response of M s to SP grains relative to SD grains. 2.1.1.5. Coercivity-Dependent Parameters
[15] The magnetization of ferrimagnetic minerals (magnetite, maghemite, titanomagnetite, pyrrhotite, greigite) can be more than 2 orders of magnitude higher than that of antiferromagnetic minerals (hematite and goethite). The signal of these weakly magnetic minerals is therefore often masked by the presence of other strongly magnetic minerals [e.g., Liu et al., 2002] . Nevertheless, their magnetic signals can be isolated by exploiting their different degrees of magnetic "hardness" (i.e., coercivity). The energy required to overcome the tendency of magnetic moments to lie in certain "easy" directions within the crystal can be supplied either by thermal energy or by an external field. The field required to flip the magnetization in an individual grain from one easy direction to another is called the microcoercivity. In a magnetic mineral assemblage, the field that can drive a magnetization from saturation to zero is the coercivity of the sample, which is referred to as H c (with units of A/m) or B c (with units of T).
[16] For a population of randomly oriented hematite grains, B c is typically >100-300 mT (that of goethite is even harder), whereas for magnetite (maghemite) it is only several tens of mT. To isolate signals due to hematite and/or goethite from those of magnetite (maghemite) in terms of coercivity, the "hard" IRM (HIRM) is often used (HIRM = (SIRM + IRM À0.3T )/2, where IRM À0.3T is the IRM remaining after exposure to a reversed field of À0.3 T after SIRM acquisition in the opposite direction). The S ratio is defined as S = (ÀIRM À0.3T /SIRM) [King and Channell, 1991] . HIRM is used as a measure of the mass concentration of highcoercivity magnetic minerals, e.g., hematite and goethite, while the S ratio is a measure of the relative abundance of high-coercivity minerals in a mixture with ferrimagnetic minerals (e.g., magnetite, maghemite). When the S ratio approaches unity, ferrimagnetic minerals are dominant. As the concentration of hematite (goethite) increases, the S ratio gradually decreases. Variations in the relative concentration of high-and low-coercivity phases indicated by the S ratio are nonlinear and interpretation of the S ratio is nonunique [e.g., Heslop, 2009] . Quantitative interpretation therefore requires constraints from other parameters. Liu et al. [2007b] proposed the L ratio (= (SIRM + IRM À0.3T )/(SIRM + IRM À0.1T )) to determine how the hardness of hematite affects HIRM and the S ratio. Only when the L ratio is stable can HIRM and S ratio be interpreted conventionally. Variable L ratio values indicate changes in the grain size (coercivity) distribution of the high-coercivity component, which could reflect changes in provenance or other factors that influence the properties or relative proportions of hematite and goethite [Liu et al., 2007b] .
Temperature-Dependence of Magnetic Properties
[17] The most important temperature-dependent property (determined by measuring c or M s ) is the Curie temperature (T C ) for ferrimagnets or the Néel temperature (T N ) for imperfect antiferromagnets, at which the mineral suddenly becomes paramagnetic because thermal energy overcomes the magnetic exchange interaction. For stoichiometric magnetic minerals, T C is widely used to determine the composition of the mineral phase. Below T C , thermal energy can overcome the magnetic anisotropy until the remanence blocks in at the blocking temperature T b (<T C ). SP behavior results when grains are above their blocking temperatures. With increasing grain size, T b approaches T C . When a grain goes through its T b , it will exhibit a sudden increase in c, as discussed earlier, which results in a c peak below T C (known as the Hopkinson peak). Natural samples usually have a distribution of grain sizes so that the maximum T b is often equivalent to T C .
[18] Magnetite and hematite have T C and T N values of 580 C and 675 C, respectively [Dunlop and Özdemir, 1997] , but T C and T N are affected by nonstoichiometry (isomorphous cation substitution and vacancies) (Figure 3) . In natural environments, hematite is often not pure and is affected by Al substitution (Al-hematite) [Cornell and Schwertmann, 2003] . Al substitution reduces T N so that it gradually approaches the T C of magnetite. In most cases, the coercivity of Al-hematite remains higher than for magnetite [e.g., Roberts et al., 2006; Liu et al., 2007b] . Goethite has a low T N of $120 C, which approaches room temperature with increasing Al content; the corresponding coercivity can sharply decrease from >10-20 T for goethite down to values comparable to those for magnetite (several tens of mT or less ). Maghemite has a theoretical T C of 645 C [Dunlop and Özdemir, 1997] ; however, it is thermally unstable and converts to other magnetic minerals (usually magnetite or hematite) below this temperature. For example, c-T curves for paleosols from the Chinese Loess Plateau decrease between $300 C and 450 C, which is widely used to indicate the presence of maghemite in paleosols [e.g., Liu et al., 2005b] . The T C of titanomagnetite is lower than for magnetite, and decreases as Ti content increases; cation substitution can often be determined with hightemperature measurements [Akimoto, 1962; Nishitani and Kono, 1983] . For monoclinic pyrrhotite, T C = 325 C [Dekkers, 1989a] , while T C remains undetermined for greigite. It exceeds 400 C [Chang et al., 2008; Roberts et al., 2011a] , but thermal alteration above 280 C [e.g., Snowball and Thompson, 1988; Krs et al., 1992; Roberts, 1995; Dekkers et al., 2000] makes determination of T C mainly a matter of theoretical interest. One disadvantage of high-temperature treatment is that the magnetic signal can be obscured by new magnetic minerals that form during heating/cooling.
[19] T C values or thermal alteration temperatures in the 300 C-400 C temperature range for multiple minerals means that titanomagnetite with moderate Ti contents or maghemite can be confused with other minerals, including iron sulfides (greigite and pyrrhotite), if thermomagnetic measurements are the only analyses undertaken to determine magnetic mineralogy [e.g., Roberts and Pillans, 1993] . However, iron sulfides and iron oxides can be distinguished using SEM observations; pyrrhotite and greigite have distinct microtextures and compositions [e.g., Roberts et al., 2010 Roberts et al., , 2011a . In addition, measurement of the magnetic response of a sample using first-order reversal curve (FORC) diagrams [ Pike et al., 1999; Roberts et al., 2000] (see section 2.3) can reveal strongly magnetically interacting SD particles. Such features are routinely used to indicate the presence of magnetic iron sulfides [e.g., Rowan and Roberts, 2006; Roberts et al., 2006] , although interactions will not always be present [e.g., Roberts et al., 2011a] . Overall, however, interpretational ambiguities associated with high-temperature measurements mean that they have drawbacks for uniquely determining magnetic mineralogy.
[20] Low-temperature magnetic measurements provide additional constraints on magnetic mineralogy because the dynamics of magnetic structures vary strongly below room temperature. For example, the crystallographic directions preferred by magnetic moments within magnetite crystals change profoundly at $120 K. This phase transition is known as the Verwey transition [Verwey, 1939] and the transition temperature is denoted as T V . Similarly, the Morin transition (T M , $250 K) (when present) is a key indicator of the presence of hematite [Morin, 1950] . Monoclinic pyrrhotite experiences a magnetic transition at 30-34 K [Dekkers, 1989a; Rochette et al., 1990] that is now referred to as the Besnus transition [Rochette et al., 2011] . These transitions have considerable diagnostic value. A reduced T V ($110 K) [Pan et al., 2005; Li et al., 2009a Li et al., , 2009b , combined with a FORC diagram indicative of noninteracting SD particles, points to the presence of biogenic magnetite [cf. Egli et al., 2010; Roberts et al., 2011b] . Similarly, a T N of $675 C combined with evidence of a Morin transition (if present) indicates the presence of hematite. While positive identification of these transitions can be diagnostic of magnetic mineralogy, minerals such as greigite have no low-temperature transition [e.g., Chang et al., 2009] , and absence of evidence for a transition is not a diagnostic indicator. In contrast, goethite also lacks a low-temperature transition, but its distinctive low-temperature behavior [e.g., Dekkers, 1989b; Rochette and Fillion, 1989; Liu et al., 2004b Liu et al., , 2006a Guyodo et al., 2006a] has diagnostic value.
[21] For stoichiometric magnetite, T V is generally fixed at $120-122 K, but the amplitude of the magnetization decrease at T V is gradually depressed as grain size decreases from the MD to the SD state [Dunlop and Özdemir, 1997] . For oxidized magnetite, the transition becomes smeared (both T V and the intensity drop at T V ) until it disappears with higher degrees of oxidation [Özdemir et al., 1993; Cui et al., 1994] . Generally, increased nonstoichiometry (e.g., isomorphous cation substitution) shifts T V to lower temperatures and depresses and broadens the transition.
[22] At the Morin transition (T M ), sublattice spins in hematite switch from the basal plane above T M to the c axis below it because the anisotropy constant changes sign. T M is affected by multiple factors, including particle size, morphology, and impurities, and is inhibited for grain diameters <10-20 nm [Bando et al., 1965; Ayyub et al., 1988] . Impurities or vacancies, strain accumulation, and crystal defects can also reduce T M [Morin, 1950; Morrish, 1994] . Moreover, grain morphology plays an important role in controlling T M [Mitra et al., 2009] .
Disentangling Mixed Magnetic Mineral Assemblages
[23] Natural samples usually contain mixed magneticmineral assemblages with components potentially having different origins and grain sizes. Each magnetic component must therefore be identified physically, chemically, or by mathematical unmixing. It is especially useful to unmix bulk magnetic signals to identify components and their causal links to specific environmental processes.
[24] Much commonly available equipment provides relatively crude parameters (e.g., c, ARM, IRM at different fields, and various interparametric ratios such as HIRM, S ratio and L ratio). Some authors have argued that the main magnetic minerals in samples can be efficiently distinguished using a small number of sequential magnetic measurements [e.g., Roberts et al., 1995; Maher and Thompson, 1999, p. 42] . However, the effects of variable domain state and cation substitution mean that there are many ambiguities when identifying magnetic minerals using nonintrinsic magnetic properties. Lowrie [1990] proposed a method that can be performed in any laboratory with basic equipment in which an IRM is imparted with different applied fields along three mutually orthogonal axes, followed by stepwise thermal demagnetization. Thermal treatment enables discrimination among the unblocking temperature spectra of high-, mediumand low-coercivity components along the three axes. Roberts et al. [1995] and Maher and Thompson [1999] provided flowcharts for identifying magnetic minerals by integrating information concerning coercivity, thermal stability, and grain size distributions. Similar ideas were also adapted by France and Oldfield [2000] in which sequential treatments involving a high-field IRM (>2 T) are followed by orthogonal demagnetization and cooling and heating of the SIRM over the À196 C to 680 C temperature range. High coercivity features are useful for detecting and separating information about hematite and goethite [France and Oldfield, 2000; Maher et al., 2004] .
[25] Magnetic extraction is frequently used to separate strongly magnetic minerals from the nonmagnetic matrix [e.g., Petersen et al., 1986; Stolz et al., 1986; Hesse, 1994; Hounslow and Maher, 1996] . However, weakly magnetic minerals (e.g., hematite and goethite) are often left in the residue and are not successfully extracted [Liu et al., 2003] . Gravitational settling can also be used to divide a sample into discrete particle size fractions. In particular, heavy liquid separation can concentrate magnetic minerals with a wide range of coercivities that can be representative of the entire magnetic assemblage [Franke et al., 2007] .
[26] Measuring the magnetic properties of particle size fractions can often overcome the inadequacies of magnetic extraction procedures and place source-sediment comparisons on a more secure footing. Combined sieving and pipetting, preceded by sediment disaggregation using sodium hexametaphosphate and ultrasonic treatment, yields sediment fractions that are suitable for magnetic measurement. For dusts and aerosols, this approach permits more realistic comparisons between deposited materials and potential sources [Lyons et al., 2012] ; for paleosols, it helps to disentangle the meaning of bulk measurements, thus allowing separate appraisal of detrital and pedogenic (soil forming) components [Hao et al., 2008] . For lake sediments, removal of biogenic components can provide a reliable basis for sediment source identification [Hatfield and Maher, 2009] .
[27] Along with physical treatments, chemical treatments can also be useful. For soil/paleosol samples, the citratebicarbonate-dithionite (CBD) method preferentially dissolves fine-grained Fe 3+ -bearing minerals, including hematite, goethite, maghemite [Mehra and Jackson, 1958; Verosub et al., 1993] , and possibly fine-grained magnetite [Hunt et al., 1995c] . When lithogenic components have a strong influence on bulk soil magnetic properties, CBD-extractable Fe is a better measure of pedogenesis . Poorly crystalline "oxide" soil components (e.g., ferrihydrite) can be removed as acid ammonium oxalate-extractable Fe [Cornell and Schwertmann, 2003] .
[28] Low-and high-temperature thermal treatment is also an efficient approach to decompose bulk magnetic signals because different minerals have inherently different thermal stability. Using thermal unblocking characteristics of a lowtemperature SIRM for magnetic particles with different domain states, Banerjee et al. [1993] quantitatively estimated the concentration of SP particles. Similarly, by taking advantage of the difference in low-temperature behavior between SP + SD magnetic particles and MD magnetite, Liu et al. [2004d] separated Verwey transition signals typical of MD magnetite from the SP + SD background. Goethite often carries a stable remanence, which cannot be easily removed by AF demagnetization, but it can be efficiently demagnetized by thermal treatment at 150 C. Maghemite and magnetite have different thermal stability. Nano-sized maghemite of pedogenic origin can be transformed into hematite by thermal treatment at >300 C. Therefore, the loss of magnetization (or c) at 300 C has been used to quantify the maghemite content of soils [Deng et al., 2001] .
[29] Physical, chemical, and high-temperature treatments usually require destruction of bulk samples. Mathematical approaches have been developed to decompose magnetic signals of bulk samples; these approaches do not require destruction of samples and make use of routinely measured bulk magnetic properties. For example, IRM acquisition curves can be decomposed into different coercivity fractions [Robertson and France, 1994; Heslop et al., 2002; Egli, 2004a Egli, , 2004b Egli, , 2004c . The high-coercivity fraction (e.g., several hundreds of mT or several T) can be assigned to hematite and/or goethite. To further discriminate between carriers of the high-coercivity component (hematite versus goethite), IRM acquisition curves can be measured at elevated temperatures (>150 C) to remove the influence of goethite, although goethite often does not carry a remanence because its Néel temperature is below room temperature due to Al substitution. In summary, a combination of treatments can reduce ambiguities caused by mixed magnetic signals. Regardless, it is often possible to unambiguously unmix room temperature IRM acquisition curves. Egli [2004a Egli [ , 2004b Egli [ , 2004c provided important details for interpreting components identified through IRM acquisition curve unmixing. Heslop and Dillon [2007] also used the expectation that components within a mixed magnetic mineral assemblage have linearly additive magnetizations to develop end-member modeling of IRM acquisition curves for a collection of samples. Quantitative unmixing of IRM acquisition curves is being increasingly used to unlock details of environmental processes to shed light on eolian, fluvial and biogenic components in marine environments [e.g., Köhler et al., 2008; Roberts et al., 2011b; Just et al., 2012] .
[30] Magnetic hysteresis data also often reflect mixed magnetic mineral assemblages and such mixtures are often interpreted in the so-called Day plot in which M r /M s is plotted versus B cr /B c [Day et al., 1977] . Data presented within the Day plot are fundamentally ambiguous and unmixing of hysteresis data is not straightforward. This fundamental ambiguity has led some workers to suggest alternative data presentations to the Day plot [e.g., Tauxe et al., 2002] . However, pervasive use of the Day plot in rock and environmental magnetism, despite its obvious ambiguities, means that application of quantitative unmixing approaches are needed to enable more rigorous interpretation. Heslop and Roberts [2012a] developed an endmember unmixing method to enable unmixing of binary mixtures on the Day plot. Dunlop [2002a Dunlop [ , 2002b discussed the nature of binary mixtures on Day plots in detail, but an approach such as that of Heslop and Roberts [2012a] is needed to unlock quantitative interpretation of hysteresis data from mixed natural samples. The reality, however, is that natural magnetic mineral assemblages are often much more complicated than simple binary mixing systems. Heslop and Roberts [2012b] , therefore, extended hysteresis end-member unmixing to multicomponent mixtures. As is the case for IRM unmixing, mathematical unmixing approaches now also hold promise for hysteresis and many other types of magnetic and nonmagnetic data sets and should unlock increasingly quantitative environmental interpretations.
[31] In an attempt to derive greater information from hysteresis measurements rather than only the conventional parameters used in the Day plot, Pike et al. [1999] and Roberts et al. [2000] proposed the use of detailed magnetization measurements from first-order reversal curves (FORCs) [cf. Mayergoyz, 1986 ] to construct FORC diagrams. A FORC diagram is a representation of the distribution of coercivity and interaction fields in a magnetic mineral assemblage. A large data catalog now exists to assist identification of magnetic mineral components in natural samples using FORC diagrams [e.g., Roberts et al., 2000 Roberts et al., , 2006 Pike et al., 2001a Pike et al., , 2001b Muxworthy et al., 2005; Yamazaki, 2009; Egli et al., 2010] . However, quantitative unmixing of components in FORC diagrams remains unresolved; future such work would be extremely useful in environmental magnetism.
[32] Nonmagnetic techniques are also useful for assessing iron "oxide" concentration, e.g., Mössbauer spectra, scanning and transmission electron microscope (SEM and TEM) observations, X-ray diffraction (XRD), and diffuse reflectance spectroscopy (DRS). Quantitative end-member unmixing approaches have also been developed for DRS data . We recommend integration of intrinsic (e.g., T C , T V ) and nonintrinsic (e.g., coercivity) magnetic information and nonmagnetic techniques to definitively identify and quantify magnetic mineral concentrations in environmental magnetism.
New Techniques
[33] Environmental Magnetism has become an elaborate and quantitative discipline, owing to the increasing use of advanced measurement and data analysis methods. Among these tools, low-temperature measurements of remanence, induced magnetization in high field, and alternating current susceptibility avoid heating-induced mineralogical alterations associated with high-temperature (>100 C) analyses. These tools are well adapted to analysis of iron "oxide" nanoparticles along with temperature-dependent magnetic properties such as superparamagnetism and enhanced magnetic moments due to size effects.
[34] In addition to low-temperature methods, techniques that rely on absorption of X-ray photons produced at synchrotron radiation facilities are increasingly being used to investigate magnetic properties at the atomic scale. Synchrotron techniques allow identification of minerals and the oxidation state of cations, atomic structure, and magnetic properties. These techniques are independent of the physical state of a sample, contrary to, for instance, a classical XRD analysis. For example, magnetic properties of poorly crystalline nanoparticles can be analyzed just as easily as larger more crystalline particles. Synchrotron-based measurements can also be carried out at the same time scale as chemical reactions that reproduce redox reactions in nature. These advantages open many new opportunities for understanding processes important to environmental magnetism.
[35] Synchrotron measurements are made at specific facilities where electrons circulate in large storage rings. The electrons emit a polychromatic X-ray beam when their trajectory is deflected by magnetic fields produced by insertion devices such as bending magnets or undulators. The energy of the X-ray beam produced varies from a few hundred to tens of thousands of electron volts (eV). The X-ray beam is directed toward beam lines that surround the storage ring. These beam lines are equipped with different optics and experimental setups that are designed to perform a large spectrum of measurements. An important piece of equipment at each beam line is the monochromator, which allows selection of specific energies of the incident X-ray beam.
[36] Among the various applications of synchrotron radiation, X-ray absorption spectroscopy involves measuring the absorption coefficient of a sample as a function of the energy of the incident X-ray beam. As the energy increases, the absorption coefficient undergoes several jumps, known as absorption edges. The energy of each absorption edge corresponds to the binding energy of a core electron. The core electron is a 1s electron at the K edge, a 2s electron for the L 1 edge, and a 2p electron for the L 2,3 edge. Three regions are distinguished in the X-ray absorption spectrum (XAS). The preedge region provides information about the oxidation state of the absorber, and absorber-ligand bonding. The X-ray absorption near edge structure region (XANES) is sensitive to the arrangement of neighbors around the absorber, and can be used as a fingerprint to compare unknown samples to standards [Dräger et al., 1988; Bajt et al., 1994; Fredrickson et al., 2000; Mikhaylova et al., 2005] . The extended X-ray absorption fine structure region (EXAFS) can be analyzed to obtain information about the distance from the absorber to near neighbors, and about the number and type of neighbors. An example of the use of EXAFS at the iron K edge for an environmentally relevant magnetic mineral is provided by Guyodo et al. [2006b] , who showed that three samples of poorly ordered six-line ferrihydrite with different average particle sizes had identical Fe-O and Fe-Fe average distances, which therefore have similar short-range order. Because of the similarities in both short-range and long-range ordering of these samples, proof was provided that observed differences in low-temperature magnetic properties observed between the three samples are due to size effects and not to mineralogical effects. A more recent EXAFS study of ferrihydrite indicated the presence of 20-30% tetrahedrally coordinated Fe 3+ in the mineral structure [Maillot et al., 2011] , which confirms recent hypotheses [e.g., Michel et al., 2007 Michel et al., , 2010 but contradicts other studies [e.g., Drits et al., 1993; Jambor and Dutrizac, 1998; Manceau, 2009 Manceau, , 2011 . X-ray magnetic circular dichroïsm (XMCD) measurements (Figure 4 ) performed at the iron K and L 2,3 edges on ferrihydrite [Guyodo et al., 2012] demonstrate the existence of a significant amount of Fe 3+ in tetrahedral sites in the magnetic structure of six-line ferrihydrite, therefore supporting the EXAFS results of Maillot et al. [2011] .
[37] XMCD is a synchrotron technique that provides access to the magnetic moments of selected atoms (Fe, Ti, etc., depending on beam energy), which allows analysis of the magnetic coupling between atoms. XMCD [Schütz et al., 1987] corresponds to a variation of the absorption coefficient with the direction of the circular polarization of the incoming X-ray beam for magnetized samples. In practice, an XMCD spectrum is obtained by calculating the difference spectrum from two X-ray absorption spectra successively collected with left-then right-circularly polarized X-rays in the presence of a large magnetic field (up to several Tesla). Brice-Profeta et al. [2005] used XMCD to investigate nanoparticles of maghemite with different sizes and surface coatings. Working at the iron L 2,3 edges, they observed the relative magnetic contributions of the iron atoms in octahedral and tetrahedral sites. Their results indicated that the three particle types have similar tetrahedral/octahedral site occupancy ratios, and that smaller particles and surfacecoated nanoparticles have a larger disorder of Fe 3+ octahedral spins. Their results also confirmed the hypothesis of a core/shell magnetic model for the magnetic properties of maghemite nanoparticles, with surface spins experiencing lower exchange interactions with their neighbors.
[38] Carvallo et al. [2008] performed XMCD experiments at the iron L 2,3 edge on magnetite nanoparticles cooled to 200 K. They showed that biogenic magnetite is characterized by a higher-Fe 2+ content than coprecipitated (abiotic) magnetite, which suggests that the high crystallinity and stochiometry of such nanoparticles is a signature of their biogenic origin. Lam et al. [2010] probed individual magnetosomes (chain-structured SD magnetic particles produced by magnetotactic bacteria from marine vibrio strain MV-1) using scanning transmission X-ray microscopy (STXM) and XMCD at the iron L 2,3 edge on a magnetotactic bacterium. Their results confirmed that such magnetosomes have excess Fe 2+ .
[39] The advantage of synchrotron techniques is that they are site specific and they do not depend on the existence of long-range periodic structures. Low-crystallinity mineral phases and nanoparticles can be targeted. These are of particular interest to environmental studies, where many processes occur at particle surfaces. Improved understanding of atomicscale magnetic properties of iron "oxides" helps to build more realistic models to explain bulk magnetic properties and how they respond to environmental variations. Better knowledge of the physical arrangement of atoms at poorly crystalline (i.e., high reactivity) mineral surfaces allows modeling of pathways of heavy metal adsorption, mineral dissolution/precipitation, or oxidation-reduction reactions [e.g., Boily et al., 2001; Rustad and Felmy, 2005; Casey and Rustad, 2007] . Increased use of synchrotron techniques is likely in environmental magnetism because of their ability to probe environmentally relevant atomic-scale processes.
CYCLING OF IRON MINERALS IN NATURE
[40] Environmental magnetism is intimately linked to the global "iron cycle" through chemical, physical and biological mechanisms. The iron cycle operates at different scales including the global iron connections between desert dust, ocean biochemistry, and climate [Jickells et al., 2005; Maher et al., 2010] , and the local or in situ transformation of iron oxides (e.g., magnetite, maghemite, ferrihydrite, goethite, lepidocrocite, iron sulfides, etc., that are common in soils, dusts, and other sediments) with or without effects of microbes in different environments [Cornell and Schwertmann, 2003; Malki et al., 2006] . Below, we briefly discuss the global cycling of iron oxides in nature ( Figure 5 ). We then discuss the physical chemistry of the iron cycle as it relates to environmental magnetism ( Figure 6 ).
Global Iron Cycling
[41] We treat the global iron cycle by considering the fate of iron-bearing minerals in the rock cycle, of which magnetic minerals are of special interest in environmental magnetism ( Figure 5 ). Magnetic minerals are formed by crystallization within igneous rocks while they cool. Magnetite is the most common magnetic mineral in continental and oceanic intrusive and plutonic rocks, either as a primary mineral or as a result of alteration of other minerals (i.e., through high-T oxidation, serpentinization, hydrothermal alteration) [Dunlop and Özdemir, 1997] . Continental intrusive and plutonic rocks also frequently contain monoclinic pyrrhotite. Titanomagnetite is common in subaqueous basalts, which typically also host titanomaghemite, whereas titanohematites are common in felsic volcanic rocks. Magnetic minerals in intrusive and plutonic rocks that cooled slowly within the Earth's crust typically have coarser grain sizes, whereas those in extrusive rocks that cooled rapidly at the Earth's surface typically have finer grain sizes [Dunlop and Özdemir, 1997] .
[42] Once igneous rocks come into contact with air or water, they begin to undergo weathering. Soil formation can result under subaerial conditions. Preexisting magnetic minerals are then released from the parent rock and can be further altered, which results in formation of new (authigenic) magnetic minerals. The most common magnetic minerals in soils are maghemite, goethite, hematite and, to a lesser extent, magnetite. Oxidation of (titano)magnetite to (titano)maghemite in submarine basalts occurs widely during submarine weathering of magnetic minerals. Once preexisting and authigenic magnetic minerals within soils and their parent materials are eroded by water, ice or wind, they can be transported by a range of mechanisms with variable durations and then deposited in sediments under subaerial (terrestrial) or subaqueous (lacustrine or marine) conditions [Maher, 2011] . Magnetic minerals can be further altered chemically and by physical comminution during transportation, but coarse-grained lithogenic magnetic minerals are often well preserved after deposition.
[43] As sediments are buried, diagenetic processes under certain conditions can lead to replacement of detrital magnetic minerals by authigenic magnetic minerals through dissolution and recrystalization. Chemical changes can occur throughout the history of a rock even when the sediment is lithified and transformed into sedimentary rock. Authigenic minerals that typically form in oxic conditions include hematite and magnetite. Greigite and pyrrhotite grow under anoxic conditions. Deep burial or volcanic heating brings sedimentary rocks under the influence of metamorphism, which involves important chemical transformations that depend on pressure and temperature conditions. Magnetite and, to a lesser extent, pyrrhotite are the magnetic minerals that most commonly form in metamorphic rocks. Increased temperature or pressure causes melting, so that the rock cycle returns to its starting point ( Figure 5 ).
[44] Repetitions of the rock cycle or parts of the cycle have given rise, throughout geological time, to the variety of soils, sediments, and rocks observed in nature, each of which contains a specific magnetic assemblage linked to the prevailing physical and chemical conditions during their formation. Biological activity can be intimately linked to, and can drive, mineralization processes. Examples of biological processes include degradation and fermentation of organic matter in soils and during early sedimentary diagenesis. Anthropogenic activity now also plays an active role in pedogenesis, sediment load production, or artificial (industrial) formation of magnetic minerals, among many other processes. Environmental magnetism is mainly concerned with processes that govern the iron cycle at the Earth's surface or at shallow depths ( Figure 5 ), including (1) weathering and formation of soils; (2) erosion, transportation, and accumulation of sediments (including contributions from organisms, especially bacteria and humans); and (3) early diagenetic reactions in sediments. Processes that drive erosion, transportation and accumulation of magnetic minerals in sediments, e.g., physical iron cycling, carry a depositional signal that is linked to climate and environmental variability and to physical disturbance of the environment by human activities. In contrast, chemical cycling of iron provides information on mainly pedogenic, diagenetic, biogenic and anthropogenic processes, and concerning the environmental signals that they might encode. Beside these processes, other sources can also contribute primary magnetic minerals to sediments, e.g., atmospheric input from volcanic or anthropogenic aerosols, and extraterrestrial input [Suavet et al., 2008] . Deep sea vents can also serve as important dissolved metal sources in the deep ocean [Sander and Koschinsky, 2011] .
Physical Chemistry of Iron Cycling in Magnetic Minerals
[45] There are many natural archives of environmental change (e.g., soils, sediments, speleothems) that record climatic, hydrologic or anthropogenic signals. Environmental magnetism is an efficient interrogator of such changes via deposition and/or chemical alteration of Fe 2+ or Fe 3+ ions hosted in iron oxides (magnetite, maghemite, hematite), iron oxyhydroxides (goethite, ferrihydrite, lepidocrocite), iron sulfides (greigite, pyrrhotite) or carbonate (siderite) crystal lattices. Electron transfer between Fe 2+ and Fe 3+ is energetically highly favorable (only $0.01 eV), and every transfer causes a change in magnetic moment of 1 Bohr magneton (9.27 Â 10 À24 Am 2 ) among local nonequivalent crystallographic sites in a compound. Magnetic techniques are highly sensitive to such minute changes and thus provide a sensitive tool for deciphering the history of environmental change [Thompson and Oldfield, 1986] . For example, conversion of iron oxides or oxyhydroxides to magnetite by reduction of ferric ions is important for tracking changes in iron species in soils [Cornell and Schwertmann, 2003; Guyodo et al., 2006a] (Figure 6 ). Soils can thereby carry information about hydrologic changes [Miller and White, 1998 ], organic activity, or activity of iron-reducing microbes [Insam and Domsch, 1988] . Conversion of magnetite to greigite similarly carries information about environmental change in reducing environments brought about by organic matter degradation [e.g., Karlin and Levi, 1983; Canfield and Berner, 1987; Roberts et al., 2011a] .
[46] Iron cycling is a major factor in depositional records of environmental change. "Cycling" denotes migration of Fe ions from one crystal lattice (e.g., goethite) to another (e.g., magnetite), with the potential for reverse migration when environmental conditions reverse. Changes in environmental conditions can be expressed using variables such as acidity, alkalinity, ionic strength, temperature, organic carbon (C org ), or microfossil abundance (e.g., diatoms delivering silica). Iron cycling is accomplished by transfer of one electron from Fe 2+ to Fe 3+ ; when the Fe 2+ ion (magnetic moment of 4 Bohr magnetons at 0 K) becomes Fe 3+ (5 Bohr magnetons at 0 K), a 25% magnetization increase occurs. Similarly, the magnetization will decrease by 25% for the reverse process. Magnetic particle size determination helps to identify such environmental changes. For example, iron reduction gives rise to magnetite or maghemite neoformation in topsoil as SP grains (diameter, d < 20 nm), which have high c [Zhou et al., 1990] , or as slightly larger SD particles (20 nm < d < 1 mm) with large ARM values [Liu et al., 2004a] . SD/SP particles in soils provide strong indications of iron cycling.
[47] Iron cycling in oxic environments within iron "oxides" is aided by two characteristics: (1) the presence of mixed valence iron "oxides" and (2) the prevalence of polyhedral chains of oxygen and hydroxyl ions within their crystal structures [Waychunas, 1991] Waychunas [1991] demonstrated that long-range iron "oxide" structures are created by alternative types of packing (cubic (e.g., goethite and magnetite) and hexagonal (e.g., hematite)) and by missing chains of oxygen polyhedra. Goethite has two missing chains after every two chains along the [001] crystallographic direction. The lepidocrocite structure can be created from goethite by having one missing oxygen chain. In the case of magnetite versus hematite, there are no missing chains. By allowing these alternative polyhedral chain arrangements, coupled with valence change in Fe ions via electron hopping, iron can be cycled among all of these iron "oxides" except for ferrihydrite, which has a poorly crystalline arrangement of polyhedral chains.
[48] Electron transfer is also important for iron cycling in suboxic and anoxic sediments. , and CO 2 (under anoxic conditions) as electron acceptors, which are used sequentially in an order opposite to the free energy that their reduction produces [Froelich et al., 1979] . Degradation of organic matter continues during early burial diagenesis until all organic matter is exhausted or until all oxidants are consumed. When degradation of organic matter proceeds to, and especially beyond, suboxic conditions, magnetic lithogenic iron "oxides" (and other Fe-bearing minerals) will progressively dissolve [Canfield and Berner, 1987; Levi, 1983, 1985; Karlin, 1990a Karlin, ,1990b Channell and Hawthorne, 1990; Rowan et al., 2009] as a result of sulfidization and pyritization (pyrite formation) reactions. Different iron "oxides" have different reactivity to sulfide, with the following order of reactivity (from most to least reactive): hydrous ferric oxides, lepidocrocite, goethite, magnetite, hematite [Poulton et al., 2004] . Reaction of Fe 2+ liberated by iron reduction with dissolved sulfide (H 2 S and HS À ) created by reduction of SO 4 2À causes precipitation of authigenic iron sulfides, including ferrimagnetic greigite [Roberts and Turner, 1993; Reynolds et al., 1994 Reynolds et al., , 1999 Roberts et al., 2011a] . Ferrimagnetic monoclinic pyrrhotite has often been erroneously identified as an intermediate authigenic product during early diagenetic pyrite formation [cf. Sweeney and Kaplan, 1973] . Horng and Roberts [2006] argued that while hexagonal pyrrhotite (which is antiferromagnetic at room temperature) can form during early diagenesis, modern sediments only contain monoclinic pyrrhotite as a detrital phase; authigenic monoclinic pyrrhotite grows during later diagenesis and will therefore carry a later magnetization [e.g., Weaver et al., 2002; Larrasoaña et al., 2007; Roberts et al., 2010] . In anoxic, nonsulfidic environments, iron sulfide formation is inhibited, and siderite (FeCO 3 ) can form if the interstitial waters are saturated with respect to carbonate [Berner, 1981; Roberts and Weaver, 2005] . Excess Fe 2+ can also diffuse upward in sediments until it finds oxic or suboxic conditions, where it precipitates again mainly in the form of iron oxides [Karlin et al., 1987] or where it becomes available for biomineralization by magnetotactic bacteria [e.g., Schüler and Baeuerlein, 1996; Tarduno and Wilkison, 1996; Flies et al., 2005; Roberts et al., 2011b] . Alternatively, organic matter can be mostly degraded before burial in response to either low organic carbon fluxes to the seafloor or to high oxygen availability in bottom waters (or both). Such oxic conditions can drive authigenic iron oxide formation so that depositional signals associated with terrigenous sedimentation are preserved alongside later authigenic signals [e.g., Henshaw and Merrill, 1980] .
[49] From this brief summary of the global iron cycle, it should be clear that small environmental changes can give rise to measurable changes in mineral magnetic properties. In environmental magnetism, we seek to detect and decipher these magnetic signals to understand the associated environmental changes. We now discuss specific cases where magnetic properties can improve our understanding of processes in different environments.
RECENT DEVELOPMENTS IN ENVIRONMENTAL MAGNETISM
[50] In this section, we provide an updated overview of how rock magnetic methods have contributed to unraveling environmental variations both in the geological past and in modern settings. Two categories of depositional signals are discussed depending on the type of environmental record concerned (continental or marine). Postdepositional (pedogenic, diagenetic) signals, biomagnetism and anthropogenic pollution are treated separately because they concern both continental and marine records of environmental variability.
Depositional Signals in Continental Records 4.1.1. Loess and Other Eolian Material
[51] Loess is a windblown (eolian) material that covers about 10% of the world's land surface, mainly in the midlatitudes (Figure 7 ). Loess forming dust can be transported over long distances (e.g., dust from the Tarim Basin (Taklimakan Desert) can be transported by westerlies to the remote Pacific Ocean [Sun et al., 2008] and beyond; for example, Asia has been argued to be the source of dust in Greenland ice [e.g., Biscaye et al., 1997] ). Therefore, although loess originates from surrounding deserts, it is not necessarily straightforward to determine its provenance.
[52] The vast expanses ($500 Â 10 6 km 2 ) of ancient windblown dust preserved in central China (100-300 m thick) provide good archives for paleoclimate [Heller and Liu, 1986; Kukla et al. 1988; Maher and Thompson, 1991 Banerjee et al., 1993; An and Porter, 1997; Ding et al., 2002] and paleomagnetic studies Liu, 1982, 1984; Heller and Evans, 1995; Zhu et al., 1999; Evans and Heller, 2001; Pan et al., 2001 ] over the last 2.5 million years. Potential sources of loess deposits on the Chinese Loess Plateau (CLP) include the nearby Gobi desert and three northwestern inland basins (the Junggar, Tarim, and Qaidam basins). Constrained by electron spin resonance signal intensity and crystallinity of fine-grained quartz, Sun et al. [2008] proposed that fine-grained loess on the CLP originates mainly from the north (the Gobi desert and sandy deserts in north China). In North America and Europe, most loess deposits originate from rock flour derived from recently glaciated regions. Thus, compared to loess deposits on the CLP, these deposits are thin (generally <$30 m). Although the source materials differ greatly among these regions, a common feature is that the background magnetic mineral concentration in fresh loess is low. In New Zealand [Pillans and Wright, 1990] , Alaska [Begét et al., 1990; , and Argentina Bidegain et al., 2009] , loess deposits contain eolian volcaniclastic material, with variable magnetic properties that add complexity to interpretation of magnetic properties of loess/paleosol sequences. Liu et al. [2010] found that the magnetic susceptibility of the lithogenic component in Argentinian soils accounts for >60% of the total magnetic signal. Variations in magnetic properties of lithogenic and pedogenic components can therefore be ambiguous unless contributions from different magnetic minerals with variable grain sizes are discriminated. Environmental magnetic studies of loose surface sediments undergoing eolian deflation (including soils, sand dunes and alluvial sediments) have been conducted to assess the impact of climate variability on the magnetic mineralogy of source materials for eolian dusts [Walden et al., 2000; Lyons et al., 2010] and to identify source areas for dust that has accumulated in other eolian sediments, mainly loess [Torii et al., 2001; Maher et al., 2009a Maher et al., , 2009b .
Alluvial and Fluvial Sediments
[53] Alluvial and fluvial sediments can accumulate over prolonged periods of time (tens of Myr) in thick successions (up to several thousand m). Such sediments are often enriched in iron oxides whose concentration and grain size variations can reflect long-term climate changes that are otherwise elusive to assess because of the generally widespread lack of high-resolution paleoenvironmental (e.g., paleontologic) data from such environments. Regardless, most alluvial and fluvial sediments have been the focus of environmental magnetic studies not for their intrinsic interest but mostly because they constitute the material from which lithogenic sediment is partially derived and on which pedogenic processes have acted (see Section 4.1.3) [White and Walden, 1997; Pope and Millington, 2000; Bógalo et al., 2001; Kumaravel et al., 2005; Sinha et al., 2007; Franke et al., 2009; Gómez-Paccard et al., 2012] . In addition to their environmental significance, fluvial sediments have been studied in source to sink studies [e.g., Salomé and Meynadier, 2004; Horng and Roberts, 2006; Horng and Huh, 2011] to aid interpretation of marine sedimentary records. For example, it is crucial to know whether magnetic minerals deposited in marginal marine sediments have a detrital or diagenetic origin. Tracing magnetic minerals through fluvial systems is a powerful way of determining their origin, especially at locations where intense river discharge associated with typhoon or storm events brings about rapid transportation from source to sink [Salomé and Meynadier, 2004; Horng and Roberts, 2006; Horng and Huh, 2011] .
Lake Sediments
[54] Lake sediments are important because they can record high-resolution continuous terrestrial paleoclimatic signals. Application of magnetic techniques to lake sediments can be traced back to the 1920s [Ising, 1943] . In pioneering studies on varved clay deposits in lakes, Ising [1943] found that the concentration of magnetite is much higher in spring layers than in other seasonal layers, which strongly indicated that the magnetic properties of lake sediments are controlled by environmental factors, although the exact mechanism behind this relationship was not fully understood at that time. Major breakthroughs in environmental magnetic studies of lake sediments occurred in the 1960s-1980s, which were mostly led by British groups [e.g., Thompson, 1973; Thompson et al., 1975 Thompson et al., , 1980 Dearing and Flower, 1982; Sandgren and Snowball, 2002] . Since then, lake sediment studies using environmental magnetic approaches have become internationally important. Changes in the magnetic iron "oxide" content (in terms of mineralogy, concentration, and grain size) in lake sediments are linked to climate via processes such as soil development in the catchment, the erosive agent (e.g., water, ice), and erosion in catchment areas, and through organic carbon supply and postdepositional processes within the lake. Soil development and the type of erosion affect the lithogenic components in a magnetic mineral assemblage, whereas biologic productivity changes control organic carbon contents that contribute to destruction of lithogenic iron oxides and biogenic and authigenic growth of secondary magnetic minerals (e.g., biogenic magnetite and greigite). Nonsteady state diagenesis, with alternations between oxic and anoxic states, can be paleoenvironmentally controlled and can also be readily detected with sediment magnetic properties [e.g., Williamson et al., 1999] (see section 4.3.2). Processes that control the transportation, deposition, and postdepositional alteration of magnetic minerals in lake catchment systems are summarized in Figure 8 .
[55] It has been shown that there exists a strong teleconnection between Greenland/North Atlantic and continental climatic/environmental changes. By investigating biogenic silica records from Lake Baikal, Colman et al. [1995] found that the continental interiors interact with the global climate system dominantly through nonlinear ocean/ ice sheet responses to orbital forcing (100 kyr cycle) as well as partly through insolation forcing. Thouveny et al. [1994] observed a striking millennial-scale correlation between the c record from maar lake deposits in the Massif Central, France, and oxygen isotope records from the Greenland Ice Core Project (GRIP) and Greenland Ice Sheet Project 2 (GISP2) ice cores. Activity of mountain glaciers, which are often linked to North Atlantic climate variability, has been also disentangled on the basis of bulk magnetic properties of proglacial sediments [Lie et al., 2004; Nesje et al., 2006; Larrasoaña et al., 2010] . Although there is no doubt that to first order, local climate/environment changes in lakes are dominated by the global climatic background, for recent deposits, human activities (e.g., extractive industries, land clearance, fire, overgrazing, changes in nutrient budget, heavy construction in the catchment, etc.) can also significantly modulate the local environment [Dearing et al., 1981; Higgitt et al., 1991; van der Post et al., 1997; Lanci et al., 1999; Gedye et al., 2000; Hirt et al., 2003; Oldfield et al., 2003] . When postdepositional effects are limited, the concentration of magnetic minerals can be used to semiquantitatively estimate sediment influxes within a lake catchment [Dearing et al., 1981; Dearing and Flower, 1982] . However, bulk magnetic properties reflect variable, potentially interacting, processes, including climatic factors. For example, a change from periglacial to temperate conditions will favor expansion of vegetation within a catchment. This, in turn, increases the input of carbon and dissolved nutrients, but reduces erosion by reducing freeze-thaw activity, and increasing surface cohesion, thereby reducing lithogenic inputs. Therefore, it is necessary to determine the different origins of the magnetic assemblage in lake sediments to enable robust environmental interpretation. Usually, magnetic particles produced by erosion have relatively coarser (PSD/MD) grain sizes. However, pedogenic transformation of primary iron oxides (e.g., from titanomagnetite to magnetite) in catchments can lead to complex magnetic signals. Pedogenesis produces fine-grained (SP/SD) maghemite and pigmentary hematite. Thus, changes in magnetic mineral grain size and the relative abundance of magnetite and hematite in lake sediments can potentially be used to trace the potential weathering history of the source region. For example, in Klamath Lake (Oregon, USA), decreased S ratios correspond to increased weathering of parent materials [Rosenbaum and Reynolds, 2004] . Moreover, before lithogenic components accumulate in lakes, catchment-derived magnetic minerals can be altered through hydrodynamic sorting by removal of coarser particles along sediment transportation pathways [Rosenbaum and Reynolds, 2004] .
[56] Variations in the properties of magnetic minerals can be strongly influenced by many processes, e.g., erosion history, soil and slope processes, and land use changes in the catchment. What is often important is the balance between surface erosion by rainsplash and rill development (which acts on the most weathered horizons) and incised gully erosion, which removes proportionally much more unweathered substrate ; Walling et al., Figure 8 . Conceptual model of processes that control the transportation, deposition, and postdepositional alteration of magnetic minerals in lake catchment systems during (a) interglacial and (b) glacial periods. To first order, the global climatic background (orbital forcing) affects the local climate/environment. During the Holocene, human activities have also significantly affected local environments. The more temperate climatic conditions of the Holocene are illustrated as favoring expansion of vegetation within a catchment, which increases the input of carbon and hematite/goethite and dissolved nutrients but reduces erosion and lithogenic inputs. This situation would favor diagenetic processes that can dissolve magnetic minerals within the lake. An inverse process is indicated for cold periods. The thickness of arrows in the figure indicates changes in the amount of the relevant material released into the lake. These scenarios are for illustration: Many alternative scenarios are possible.
1979]. Therefore, to interpret accurately the paleoenvironmental significance of magnetic properties of lake sediments, we need to know the linkage between lake sediments and the corresponding catchment. There are three major components of the lake catchment system: catchment source materials (bedrocks, soils, etc.), material along the pathway (floodplain sediments, river bed load sediments, river suspensions), and lake sediments. In practice, lake deposits and catchment materials are often studied together. Oldfield et al. [1979] demonstrated that magnetic parameters are useful for distinguishing different types of catchment magnetic minerals. The systematic study of the source-lake linkage by Dearing et al. [2001] provides a model for such work. These authors analyzed lake sediments from the central plain of Petit Lac d'Annecy, France, two floodplain cores, river bed load sediments and several hundred soil samples from the catchment. Lake sediments also often have isolated peaks in magnetic mineral concentrations. Such peaks are often related to tephra-rich horizons, microturbidite horizons (sediments transported and deposited by density flows) [Ryves et al., 1996] or to greigite formation due to rapid redox changes [Snowball and Thompson, 1990; Snowball, 1991; Roberts et al., 1996] , although other mechanisms are also possible. Overall, while individual events (e.g., floods, landslides, volcanic eruptions, etc.) and diagenesis can have a large impact on the magnetic record of lake sediments, these archives remain an important source of information concerning terrestrial environmental change.
Other Continental Materials
[57] Other materials, in addition to sediments and soils, can provide environmental magnetic records of continental paleoenvironmental variability. These include polar ice sheets, mountain glaciers, and speleothems. Environmental studies of ice samples from a Greenland (NGRIP) ice core have shown a close correlation between eolian dust contents and the concentration of magnetic minerals, which are paced by glacial-interglacial climate variability [Lanci et al., 2004; Lanci and Kent, 2006; Lanci et al., 2012] . The magnetic mineralogy of the NGRIP samples consists of mixtures of magnetite/maghemite and hematite and does not change through time; this similarity to Chinese loess samples [cf.
Biscaye et al., 1997] also points to an East Asian origin [Lanci et al., 2004; Lanci and Kent, 2006] . Magnetic properties of Antarctic ice indicate no clear link between magnetic particle concentration and climate variability; instead, changes in coercivity, and hence in mineralogy and thus provenance, are evident at glacial-interglacial time scales [Lanci et al., 2008 [Lanci et al., , 2012 . Preliminary rock magnetic studies of an ice cap located between the Taklimakan desert and the CLP also indicate changes in the flux and provenance of eolian dust at glacial-interglacial time scales, which further illustrates the potential of rock magnetic properties to record changes in concentration, grain size and provenance of dust in ice records [Maher, 2011] .
[58] Speleothems have been reported to host magnetic minerals whose concentrations are readily measurable using standard rock magnetic techniques [Perkins, 1996; Openshaw et al., 1997; Lascu and Feinberg, 2011] . Although the main interest of rock magnetic studies of speleothems has been constraining the reliability of records of geomagnetic field behavior (mainly paleosecular variation and geomagnetic reversals), the common occurrence of detrital natural magnetizations indicates that environmental magnetic studies of speleothems can potentially provide useful records of climate variability with U-Th chronologies that are much more accurate compared to other methods [e.g., Perkins, 1996; Lascu and Feinberg, 2011] .
Depositional Signals in Marine Records
[59] Magnetic minerals are delivered to the oceans as detrital grains carried mostly by wind, water and ice [Henshaw and Merrill, 1980; Evans and Heller, 2003] . At present, riverine supply is the main contributor of sediment load to the oceans, with global estimates of about 20,000 Tg/yr (Table 1) . Ice and wind transportation account for smaller sediment loads of about 2,900 and 1,100 Tg/yr, respectively (Table 1) . Other suppliers of sediment load are coastal erosion and cosmic particles. Coastal erosion delivers small sediment loads of about 200 Tg/yr. Coastal sediments are mainly characterized by coarse grain sizes, with deposition in proximal locations with discontinuous sedimentation, so they are seldom the focus of environmental magnetic studies. Cosmic particles contribute a much smaller load of 0.002 Tg/yr (Table 1) and generally have negligible significance for environmental [Straub and Schmincke, 1998 ] to the world's oceans. Estimates of the fraction of terrigenous sources that accumulated in different settings have been made, when possible, following Raiswell et al. [2006] . magnetic studies [Itambi at al., 2010a] , although the low terrigenous mineral content of ice means that cosmic flux is measurable in ice [e.g., Lanci et al., 2012] . Volcanoes intermittently deliver significant amounts (about 375 Tg/yr, Table 1 ) of ash to marine sediments. Ash layers can be useful for correlation and dating, but typically lack any paleoclimatic signal.
[60] At present, ice occupies less than 10% of the Earth's surface and is mainly restricted to high (>60 ) latitudes. Rivers are found at virtually all latitudes, although they are less important in polar regions and dominate temperate regions and low-latitude monsoon-dominated continental areas. Dust is transported mainly from midlatitude, large continental areas (i.e., Asia) and also from zonal and shadow deserts (i.e., Sahara, Arabia, Australia, Namibia, Atacama) that are characterized by little or no present-day fluvial activity [Maher et al., 2010] . Because of the lower-carrying capacity of air and water, only 10% and 2% of the total dust and riverine sediment load, respectively, reach deep marine depositional environments. In contrast, ice delivers about 50% of its sediment load to distal deep marine settings (Table 1) . Several mechanisms can alter depositional signals of terrigenous sedimentation. The first is reworking of sediments by bottom currents linked either to geostrophic flows or to the occurrence of marine gateways. Such processes involve physical alteration of the sediment, and might result in a depositional signal with a specific magnetic signature and environmental significance. The second, and much more widespread, process that can alter the depositional signal of terrigenous sedimentation is postdepositional diagenesis, which is driven by the bacterially mediated degradation of organic matter (see section 4.3.2). Below, we discuss how magnetic properties have contributed to extracting environmental information encoded in the marine sedimentary record, both as depositional signals of terrigenous sedimentation and reworking.
Terrigenous Sediment Supply by Ice
[61] About half of the sediment load eroded by ice and transported to marine environments (1400 Tg/yr, Table 1 ) accumulates in proximal settings within the continental shelf and slope when ice meets water and melts [Raiswell et al., 2006] . Once there, these particles, which range in size from boulders to clays, are often affected by gravitational flows or are reworked by bottom currents. The other 1500 Tg/yr of particles transported by ice (1500 Tg/yr) is carried much further away from glacial margins by icebergs [Raiswell et al., 2006] . When icebergs melt, these ice rafted debris (IRD) particles, which usually range in size from coarse sands to clays, sink and accumulate on the seafloor. IRD layers are typified by a large fraction of coarse-grained (often defined as >150 mm) sediment particles, and are interbedded with biogenic carbonate-poor and finer-grained sediments (typically clays). IRD layers are known from both hemispheres and for periods beyond the Quaternary "ice house," while IRD layers wasted from the Laurentide ice sheet (LIS) into the North Atlantic Ocean during the so-called Heinrich events (HE) [Heinrich, 1988; Hemming, 2004; Stanford et al., 2011] are well studied. These events correspond to centennial-scale warming periods at the end of glacial intervals, which witnessed the sudden discharge of massive amounts of icebergs. Since the LIS catchment is dominated by strongly magnetic crystalline and volcanic rocks rich in (titano)magnetite, IRD layers have magnetic susceptibility values that are much higher than those of the background sediments [Stoner and Andrews, 1999] . This has made magnetic susceptibility a powerful tool for delineating not only the extent and thickness of IRD layers within the North Atlantic, but also for inferring their source regions and contemporaneous climatic patterns [Robinson, 1986; Grousset at al., 1993; Dowdeswell et al., 1995; Robinson et al., 1995; Lebreiro et al., 1996] . Concentration-and grain size-dependent magnetic parameters have been further used to validate conclusions based on magnetic susceptibility and to map the extent of IRD as far south as offshore of the Iberian Peninsula [Robinson, 1986; Stoner et al., 1996 Stoner et al., , 1998 Thouveny et al., 2000] . However, the distinctive magnetic signature of different horizons within and below some IRD layers [Thouveny et al., 2000; Scourse et al., 2000; Walden et al., 2007; Peters et al., 2008] , along with the presence of some IRD layers that do not correlate to HE [Stoner et al., 1998 ], are increasingly suggesting a prominent role of other ice sheets (i.e., East Greenland, British, Icelandic, Fennoscandian) as a source of IRD layers, thereby corroborating previous inferences based on the isotopic signature of IRD material [Grousset et al., 2000] . Magnetic properties of older North Atlantic sediments have also contributed to tracking ice-rafting back to the late Eocene [Eldrett et al., 2007] , which illustrates the potential of rock magnetism for studying terrigenous material transported by ice into the oceans and, hence, to better constrain past climate evolution.
[62] Despite the potential for rock magnetic techniques to identify IRD, we are aware of only a handful of studies where environmental magnetic parameters (especially c) have been used to study Antarctic IRD [e.g., Hou et al., 1998; Brachfeld et al., 2002; Kanfoush et al., 2002; Pirrung et al., 2002; Venuti et al., 2011] . Warm waters surrounded Antarctica throughout most of the Paleogene [Ehrmann and Mackensen, 1992] , which prevented long-distance transport of IRD at those times, while the strong influence of currents complicates interpretation of Quaternary IRD layers [Pirrung et al., 2002] . Regardless, in many cases, Antarctic IRD layers are characterized, like Quaternary North Atlantic IRD layers, by high c values [Kanfoush et al., 2002; Pirrung et al., 2002; Venuti et al., 2011] due to enhanced concentrations of magnetic minerals with respect to background sediments [Hou et al., 1998 ].
Terrigenous Sediment Supply by Wind
[63] Generally, eolian dust is more strongly magnetic than background, biogenic-dominated sediments that accumulate at distal open marine sites when contributions from volcanic sources and submarine hydrothermal mineralization [Dekov et al., 2009 [Dekov et al., , 2010 are insignificant. For this reason, magnetic susceptibility has been one of the most widely used rock magnetic parameters to identify changes in eolian dust, sourced from zonal and shadow deserts (i.e., Sahara, Arabia, Australia, Patagonia) and continental interiors (i.e., Asia), deposited in neighboring marine basins such as the Red Sea , the Indian Ocean [Bloemendal and deMenocal, 1989] , the Pacific Ocean [Doh et al., 1988; Yamazaki, 2009] and the North Atlantic [Bloemendal and deMenocal, 1989; Itambi et al., 2009 Itambi et al., , 2010a Itambi et al., , 2010b . These studies have made important contributions mainly to understanding the influence and interaction of high-and lowlatitude climatic forcing on the evolution of monsoonal climates. However, combination of magnetic susceptibility data with other environmental magnetic parameters and auxiliary proxies for eolian dust supply have shown that, with the exception of some well documented cases , the appealing link between eolian dust and magnetic susceptibility is not straightforward given the role of other terrigenous sources and reductive diagenesis on magnetic mineral assemblages [Bloemendal et al., 1988 [Bloemendal et al., , 1993 Hounslow and Maher, 1999; Larrasoaña et al., 2008; Itambi et al., 2009] . These and other studies [Doh et al., 1988; Yamazaki and Ioka, 1997b; Maher and Dennis, 2001; Dinarès-Turell et al., 2003; Larrasoaña et al., 2003a; Köhler et al., 2008; Maher, 2011; Roberts et al., 2011c] collectively demonstrate that other magnetic parameters, especially those indicative of the relative (e.g., S ratio) or absolute (HIRM and similar parameters) concentration of high-coercivity minerals, constitute better proxies for the supply of eolian dust (Figure 9 ). The oxidizing and dehydrating environments of deserts means that hematite is abundant in eolian dust [Lambert et al., 2008] ; and ODP sites 967 [Larrasoaña et al., 2003a] , 659 [Tiedemann et al., 1994] , and 721 [deMenocal et al., 1991] , respectively. from such source areas and is easily detected using environmental magnetic measurements [Robinson, 1986; Doh et al., 1988; Bloemendal et al., 1988 Bloemendal et al., , 1993 Balsam et al., 1995; Yamazaki and Ioka, 1997b; Hounslow and Maher, 1999; Maher and Hounslow, 1999; Maher and Dennis, 2001; Dinarès-Turell et al., 2003; Larrasoaña et al., 2003a Larrasoaña et al., , 2008 Köhler et al., 2008; Itambi et al., 2009; Maher, 2011; Roberts et al., 2011c] . It should be noted, however, that the equipment available in most laboratories for imparting an IRM, on which the S ratio and HIRM are based, do not typically exceed 1 T, and at this field any goethite that might be present is barely magnetized. Therefore, virtually all magnetic parameters used to determine the concentration of high-coercivity minerals record hematite abundances despite geochemical or DRS evidence that often indicates the presence of goethite [Robinson, 1986; Köhler et al., 2008] . A benefit of this circumstance is that these hematite-biased parameters can be useful for identifying dust source areas in regions with hot and arid climates, which favor hematite rather than goethite formation [e.g., Maher, 1986] . For example, Larrasoaña et al. [2003a] used meteorological, satellite and geochemical data to identify the source area for dust that accumulated in the eastern Mediterranean from the eastern Sahara north of the central Saharan watershed (at $21 N). Precise identification of the dust source area enabled identification of the role of regional aridity changes, which dominate over changes in wind speed or atmospheric circulation patterns as drivers of eolian dust supply. Separation of these factors is often neglected in studies of eolian dust supply despite their importance [Rea, 1994; Trauth et al., 2009] .
Terrigenous Sediment Supply by Rivers
[64] Despite the fact that rivers are the main contributors of sediment to the ocean (Table 1) , fluvially derived marine sediments have seldom been a focus of environmental magnetic studies. This is probably due to the characteristics of fluvial sedimentation into marine settings, which are often governed by autocyclic (i.e., channel avulsion) and allocyclic (i.e., tides and tectonic/eustatic control of accommodation space) factors other than climate. In consequence, there are few examples, most of which have focused on application of magnetic susceptibility, that report enhanced c values as the concentration and/or grain size of detrital particles increases in response to enhanced terrigenous supply [Weber et al., 2003; Stein et [Weber et al., 2003] . Changes in terrigenous supply or source area have also been inferred for large rivers such as the Amazon [Maslin et al., 2000] and GangesBrahmaputra [Prakash Babu et al., 2010] by using additional concentration-and grain size-dependent magnetic parameters, although in these cases storage of terrigenous material in the delta during periods of sea level rise might have dominated the sedimentary record compared to climatically modulated riverine supply.
[65] In other cases, the climatic signal encoded in fluvially derived marine sediments is not linked to variations in fluvial discharge but rather to aridity changes in the source area [Zhang et al., 2008] . Thus, the hematite/goethite ratio in large tropical rivers has been linked to aridity changes in source areas because hematite typically forms under drier conditions compared to goethite [e.g., Maher, 1986] . The ratio between these minerals as determined by rock magnetic records has been used by Abrajevitch et al. [2009] to infer cyclic changes in monsoon-derived fluvial discharge of the Ganges-Brahmaputra rivers, although diagenesis has also distorted the initial depositional signal. Colin et al. [1998] also suggested that aridity changes in the source area of the Ganges-Brahmaputra and Irrawaddy rivers conditioned the concentration and grain size of (titano)magnetite grains delivered by these rivers.
Reworking of Sediments by Bottom Currents
[66] Once deposited, marine sediments can be affected by bottom currents that alter both their primary physical characteristics and depositional signal. This results in formation of so-called contourites or drift deposits, whose characteristics and distribution are independent of latitude [Faugères and Stow, 1993] . Concentration-and grain size-dependent magnetic parameters from Quaternary drift sediments have been used to detect changes in the strength of bottom currents, mainly in the North Atlantic [Kissel et al., 1997 [Kissel et al., , 1999 Andrews et al., 2003a Andrews et al., , 2003b Hassold et al., 2006; Rousse et al., 2006; Stanford et al., 2006] and around Antarctica [Mazaud et al., 2007 [Mazaud et al., , 2010 , although the specific link between bottom current activity and climate variability is not always fully understood [Andrews et al., 2003a [Andrews et al., , 2003b Rousse et al., 2006] . Bottom currents affect not only the sorting of particles in drift sediments, but also their spatial arrangement. This typically results in enhancement of the initial sedimentary fabric; important insights on bottom current dynamics have also therefore been inferred from both the directional properties of the magnetic fabric (anisotropy of magnetic susceptibility, AMS) [Parés et al., 2007] as well as its shape and degree of anisotropy [Kissel et al., 1997 Hassold et al., 2006 Hassold et al., , 2009a Hassold et al., , 2009b . Most if not all rock magnetic and AMS studies of drift sediments have focused on bottom current dynamics in highlatitude settings such as the North Atlantic and peri-Antarctic basins.
Mixed Terrigenous Sedimentary Signals
[67] Although different terrigenous sediment sources dominate at specific latitudes, they are often mixed in the diffuse boundaries between such regions. Mixing of eolian dust and fluvially derived terrigenous material has been reported from low-latitude marine sedimentary records in the northeast Atlantic (Figure 10 ) [Bloemendal et al., 1988; Itambi et al., 2009 Itambi et al., , 2010b Just et al., 2012] and the South China Sea [Kissel et al., 2003] . Overall, these studies have consistently indicated an antiphase relationship between dust and riverine supply. A notable case of mixing of different terrigenous signals is provided by identification of eolian hematite sourced from the Sahara in IRD layers off the Iberian Peninsula [Robinson, 1986; Thouveny et al., 2000] .
Sediments enriched in eolian material and IRD are typically associated with low-and high-latitude settings, respectively. Coexistence of material from both terrigenous sources illustrates the ability of the climate system to alter the latitudinal distribution of these materials. Mixing of eolian dust and IRD signals can also be deduced for peri-Antarctic marine sediments from magnetic susceptibility records that are strikingly similar to geochemical records of dust deposition in Antarctic ice cores [Pugh et al., 2009] . This suggests that the magnetic susceptibility record is linked to the supply of dust sourced either from Patagonia or/and Australia [Grousset et al., 1992; De Deckker et al., 2010] . This is important because correlation between these marine sediments and ice core records enables establishment of detailed age models for sediments that are otherwise difficult to date [Pugh et al., 2009] . However, the magnetic susceptibility signal of other peri-Antarctic marine sediments has been linked mainly to IRD material [Hou et [Parés et al., 2007; Mazaud et al., 2007 Mazaud et al., , 2010 Hassold et al., 2009a Hassold et al., , 2009b . A similarly complicated situation exists in the Northwest Pacific Ocean, where both IRD and eolian dust, in addition to volcanic ash, have been shown to influence the magnetic properties of sediments [Bailey et al., 2011] .
Postdepositional Signals 4.3.1. Pedogenic Processes and Soils
[68] Soils form through chemical-physical alteration (pedogenesis) of parent material that acts [e.g., Vincent et al., 1994] under the integrated effects of the soil-forming factors (climate, organisms, relief, parent material, and time) [Jenny, 1941 [Jenny, , 1980 . Soils consist of several interrelated horizons (A, B, and C). The A horizon has the highest organic matter content, but soluble and/or mobile components (e.g., silicate clays, iron, aluminum and humic substances) can be transported to the underlying B horizon. [Itambi et al., 2009] . High S ratios during warmer periods (see horizontal bar indicating marine isotopic stages (MIS) 1 to 6) indicate the dominance of fluvial magnetite, whose concentration (depicted by ARM curves) diminishes during Heinrich events HL1 to HL6 in response to colder and drier conditions and hence to decreased runoff. Highest HIRM and k values during HL1 to HL6, along with lower S ratios, indicate simultaneous enhanced supply of hematite-rich eolian Saharan dust at those times. Moderately decreased HIRM and strikingly low ARM and S ratios between 70 and 120 ka in cores GeoB 9506-1 and GeoB 9527-5 attest to widespread reductive dissolution (cross hatching) of magnetite and only partial dissolution of hematite during MIS 5. Clearly, different parameters reflect different paleoenvironmental processes.
The C horizon represents relatively unaltered parent material. The magnetic properties of the A and B horizons are often enhanced [Maher, 1998 ] due to neoformation of nano-sized ferrimagnets (magnetite and/or maghemite) [Zhou et al., 1990; Maher, 1998 ] with iron-bearing clays and mafic silicates providing the iron source [Spassov et al., 2003] . Soil magnetic properties therefore carry important information about the dynamics of pedogenic processes [Zhou et al., 1990; Tauxe et al., 1990; Singer et al., 1996] , and the linkage between magnetic properties and climate [Maher et al., 1994] .
[69] Usually, lithogenic eolian materials and their parent materials have relatively uniform and weak magnetic properties. This is true for loess deposits from Europe and Asia, especially the CLP. In contrast, ancient soils that are intercalated with loess in loess/paleosol sequences are strongly magnetic because of magnetic enhancement due to pedogenic magnetite/maghemite formation [e.g., Kukla et al., 1988; Zhou et al., 1990; Liu et al., 2007a] . There are currently two hypothesized alternative major pathways for maghemite formation in soils: a direct precipitation process and a process by which maghemite forms from a transient intermediate mineral, ferrihydrite. For direct precipitation, fermentation is invoked with nanoparticulate magnetite forming directly by reducing Fe 3+ to Fe 2+ in the presence of organic matter and/or iron-reducing bacteria [Mullins, 1977] . The magnetite is then oxidized into maghemite. The second mechanism calls on formation of strongly magnetic intermediate ferrihydrite by transformation of weakly magnetic ferrihydrite doped with adsorbed ligands (phosphate, citrate) into hematite [Barrón and Torrent, 2002; Barrón et al., 2003; Michel et al., 2010] . A major hindrance to understanding transformation processes of magnetic minerals during pedogenesis is that the intermediate phases rarely survive pedogenic processes. Nevertheless, useful hints arise from the concentrations of strongly magnetic maghemite and weakly magnetic hematite and goethite in soils. Only hematite is intrinsically correlated with nanoparticulate maghemite in soils [Ji et al., 2001; Liu et al., 2006b; Lyons et al., 2010] . Liu et al. [2010] observed a positive correlation between unblocking temperatures of pedogenically produced maghemite (which is related to magnetic particle volume) and its concentration in samples from a chronosequence in Spain. However, for paleosol horizons from the CLP, the grain size distribution peaks at about 25 nm and is independent of the degree of pedogenesis, and is thus indicative of the second stage of pedogenesis [Liu et al., 2005a [Liu et al., , 2007a . This could indicate that the pedogenic maghemite evolved into a mature state and thus that the grain size of these particles remains relatively constant.
[70] Although the transformation of magnetic minerals during pedogenesis is controlled by a range of factors (e.g., temperature, precipitation, organic carbon content, pH, Eh, etc.), statistical analyses have been taken to indicate that the magnetic properties (especially c) of modern soils are predominantly determined by the amount of rainfall [Heller et al., 1993; Maher et al., 1994; Maher and Thompson, 1995; Maher, 1998; Florindo et al., 1999; Maher et al., 2002 Maher et al., , 2003 Maher and Hu, 2006; Geiss et al., 2004; Liu et al., 2005c] . This makes it possible to reconstruct past temporal and spatial trends in precipitation [Maher et al., 1994; Maher and Thompson, 1995] . However, the relationship between magnetic susceptibility and rainfall is nonlinear. When rainfall exceeds a threshold ($550-600 mm/yr), the concentration of ferrimagnetic minerals decreases due to dissolution effects [Han et al., 1996; Balsam et al., 2004] . Guo et al. [2001] and Bloemendal and Liu [2005] suggested that there is a complex response between magnetic mineral transformation and climate. Liu et al. [2007a] suggested a conceptual model in which the ratio of the concentration of hematite to maghemitemagnetite (Hm/Mag) is superior to c alone for estimating paleoprecipitation because this ratio has a more monotonic correlation with rainfall .
[71] Orgeira and Compagnucci [2006] suggested that it is the potential water storage (PWS) rather than total precipitation that controls transformation of magnetic minerals during pedogenesis. PWS is a measure of the net annual precipitation surplus and is defined as the difference between the total precipitation (water gain) and evapotranspiration (water loss). When PWS is negative (water loss > water gain), as is the case for the CLP and Russian Steppe, reducing conditions are inhibited and magnetic material of eolian origin can be preserved and magnetic nanoparticle formation is favored during pedogenesis. In contrast, when PWS is positive (e.g., Argentina), magnetic minerals are depleted by dissolution. Magnetic paleoclimate transfer functions have proved useful for semiquantitatively estimating paleoclimate changes on orbital time scales and at regional scales where postdepositional magnetic mineral dissolution has a minor influence and where soil parent material and magnetic mineral content are relatively uniform [Maher and Thompson, 1995] .
[72] CLP and Russian Steppe soils are consistently characterized by magnetic enhancement. The positive relationship between magnetic susceptibility variations for Chinese loess-paleosol sequences and fluctuations in deep-sea oxygen isotope records demonstrates that local climate (i.e., the East Asian monsoon system) is teleconnected to global paleoclimate signals at orbital [Liu, 1985; Liu and Ding, 1998 ], suborbital [Deng et al., 2006] and even at millennial time scales [Porter and An, 1995; Chen et al., 1997] (Figure 11) . Furthermore, direct comparison of dust variations from Arabia with those from the CLP demonstrates an atmospheric teleconnection over all of these time scales for the last 5 glacial cycles [Roberts et al., 2011c] . Chen et al. [1997] investigated three sequences that span the most recent loess unit L1 (<75 ka) from the western CLP and found that magnetic and nonmagnetic parameters have strong similarity to climate signals in ice core records from Greenland and Antarctica. Deng et al. [2006] investigated long-term (<2. 6 Ma) paleoclimate variations recorded by the loess/paleosol sequence at Jingbian at the northern fringe of the CLP and reported a long-term increase in aridification in the Asian interior driven by global cooling and other related climate factors. Guo et al. [2002] demonstrated that Chinese loess-paleosol sequences extend back to $22 Ma. This indicates that the source(s) of eolian dust in the Asian interior and the Asian winter monsoon have existed since the early Miocene, which probably resulted from aridification associated with progressive uplift of the Tibetan Plateau and global cooling. Oldfield and Bloemendal [2011] confirmed that Miocene loess sequences in China are of eolian origin. Hao et al. [2008] observed that the magnetic properties of Miocene loess sequences vary on both orbital and supraorbital time scales, but in a more complicated manner than for younger eolian sequences.
[73] Magnetic susceptibility is controlled by many factors and is not a simple paleoclimatic proxy [Sun and Liu, 2000; Guo et al., 2001] . In addition to c, Banerjee et al. [1993] used low-temperature techniques to separate local signals from regional paleomonsoon signals on the CLP. Similarly, Hunt et al. [1995b] used several magnetic parameters to investigate the concentration, composition and grain size of magnetic minerals in loess. Variations in magnetic parameters are not always directly related to the intensity of the Asian summer monsoons [Vidic et al., 2003; Sun et al., 2006a] . Temporal variations of magnetic signals between different profiles are mainly caused by geographic differences in the timing and amount of local monsoon precipitation. To better understand this question, Hao and Guo [2005] constructed maps of spatial variations of magnetic susceptibility for the Chinese loess over the last 600 ka. In these contour maps there are many clusters with low magnetic susceptibilities, termed "bull's eyes," that are strongly linked to local topography. Typically, the effects of the Asian summer monsoons are weak in the western CLP. Therefore, caution must be used when interpreting long-term magnetic variations from a single profile. For example, loess unit L8 on the CLP is characterized by low c values and abnormally coarser grain sizes. However, the corresponding unit in Tajikistan has regular variations in grain size. This strongly indicates that the abnormal behavior of unit L8 is a local signal, probably related to expansion of the dust source region [Yang et al., 2006] . Overall, however, environmental magnetic studies have proven to be extremely fruitful for monsoon/paleoprecipitation studies through analysis of paleosols and for studies of eolian processes through analysis of loess and other eolian deposits.
Diagenesis
[74] Chemical reactions that occur during diagenesis, as discussed briefly above, can be an important determinant of the magnetic properties of both marine and lake sediments. The degree to which diagenetic reactions affect sediments depends mainly on the interplay between the supply and type of organic matter and the oxygen content of bottom waters and sediment pore waters. Shelf and slope (<1 km water depth) marine settings are characterized by large supplies of terrigenous material (Table 1 ) and organic carbon. In these settings, surficial sediments are oxidized through contact with oxygenated bottom waters, while underlying sediments become rapidly anoxic due to intense microbially mediated organic matter degradation and rapid sediment accumulation, which prevents downward diffusion of oxygen from the bottom waters. This results in a zonation that is characterized by an upper oxic layer that preserves the initial detrital magnetic mineral assemblage, a second suboxic layer where magnetite begins to be dissolved, and a third anoxic layer where most remaining detrital magnetic minerals have also been dissolved. These early diagenetic changes are accompanied by authigenic growth of greigite, first as SP particles (intermediate zone) and eventually as SD particles (lower zone) [Rey et al., 2000 [Rey et al., , 2005 Emiroglu et al., 2004; Liu et al., 2004; Roberts and Weaver, 2005; Kawamura et al., 2007; Rowan et al., 2009; Mohamed et al., 2011] . As sedimentation continues, this zonation migrates upward so that sediments through which the anoxic zone has passed are eventually characterized by widespread dissolution of detrital magnetic minerals and occurrence of SP and SD greigite. This is a common situation in shallow marine settings [Rey et al., 2000 [Rey et al., , 2005 Emiroglu et al., 2004; Liu et al., 2004; Kawamura et al., 2007; Zheng et al., 2010; Mohamed et al., 2011; Roberts et al., 2011a] and in deeper marginal marine sediments characterized by high accumulation rates [e.g., Leslie et al., 1990; Tric et al., 1991; Roberts and Turner, 1993; Florindo and Sagnotti, 1995; Horng et al., 1998; Robinson et al., 2000; Jiang et al., 2001; Roberts and Weaver, 2005; Dillon and Bleil, 2006; Vasiliev et al., 2008; Rowan et al., 2009; Roberts et al., 2011a] , and is responsible for the widespread lack of genuine depositional paleomagnetic signals often reported in diagenetically reduced marine sediments.
[75] Preservation of authigenic greigite is favored by an excess of iron with respect to dissolved sulfide, so that pyritization reactions are not brought to completion [Kao et al., 2004] . The concentration and mobilization of iron and sulfide are subject to dynamic chemical gradients and are affected by other processes such as sediment texture and variations in organic carbon delivery, therefore, the environmental significance of the presence of greigite in sediments is not linked to variations in its concentration but rather to the fact that it signals anoxic conditions. Good examples of this situation are provided by the formation of greigite in connection with changes in terrigenous sediment supply [Blanchet et al., 2009] and variations in the ventilation of bottom waters [Vigliotti, 1997; Larrasoaña et al., 2003b] . Whereas signals of terrigenous sediment supply by ice and of bottom water dynamics associated with sediment drift deposits have seldom been reported to be overprinted by reductive diagenetic processes, such alterations are common for terrigenous signals of riverine and eolian sedimentation. Reductive diagenetic processes have been reported to alter the riverine-related magnetic signal encoded in marine sediments even to the point of compromising the paleoenvironmental record carried by magnetic minerals [Abrajevitch and Kodama, 2011] . In the case of eolian dust incorporated within marine sediments, however, it has often been shown that reducing diagenetic conditions did not prevent isolation of the depositional signal typically associated with hematite-rich dust supply, probably because the depositional environments under investigation were more oxic and because hematite is more resistant to reductive dissolution than magnetite [Bloemendal et al., 1993; Larrasoaña et al., 2003a; Abrajevitch and Kodama, 2011] . Different mineral surface properties and their influence on sulfide complexation processes, which ultimately drive reductive dissolution, appear to be responsible for the lower reactivity of hematite with respect to magnetite reported typically in marine sediments [Poulton et al., 2004] . Isomorphous Al-for-Fe substitution also decreases the reactivity of hematite and goethite to sulfide [Liu et al., 2004a] .
[76] Other processes that result in the release of dissolved sulfide in marine sediments, and that are known to promote authigenic growth of greigite, are anaerobic oxidation of methane [e.g., Housen and Musgrave, 1996; Kasten et al., 1998; Neretin et al., 2004; Garming et al., 2005; Musgrave et al., 2006; van Dongen et al., 2007; Enkin et al., 2007; Larrasoaña et al., 2007; Fu et al., 2008; Chen et al., 2009; Roberts et al., 2011a] and degradation of hydrocarbons at seepages [Reynolds et al., 1991] . When these processes affect sediments over prolonged periods of time (i.e., during late early diagenesis), monoclinic pyrrhotite can also form in addition to greigite [Reynolds et al., 1991; Housen and Musgrave, 1996; Musgrave et al., 2006; Larrasoaña et al., 2007; Roberts et al., 2010] . The characteristic association of later diagenetic greigite and pyrrhotite with gas hydrate-bearing marine sediments has led to the suggestion that these minerals can be used to detect the past presence of gas hydrates in ancient sediments [Housen and Musgrave, 1996; Larrasoaña et al., 2007; van Dongen et al., 2007; Chen et al., 2009; Roberts et al., 2010] , which is important because gas hydrates are key elements in the carbon cycle and leave elusive evidence for their former occurrence.
[77] In deeper (>1 km water depth) marine settings characterized by low sediment accumulation rates, both the supply of terrigenous material (Table 1 ) and organic carbon contents decrease. In these settings, the thickness of the uppermost oxic sediments expands at the expense of the lower anoxic zone, which can occur at depths of tens to hundreds of meters below the sediment/water interface or it might not exist due to the scarcity of fuel (organic matter) and downward diffusion of oxygen from the overlying water mass due to low sediment accumulation rates. In this case, goethite and hematite might form and coexist with preexisting magnetic minerals, as has been documented in pelagic limestones and marls [Channell et al., 1982; Freeman, 1986; Galbrun et al., 1994; Moreau et al., 1994; Mamet and Preat, 2006] . The environmental significance of hematite and/or goethite in these rocks is uncertain because they might have grown authigenically between a few thousand [Channell et al., 1982] and millions of years [Moreau et al., 1994] after deposition, but they appear to be linked to oxygenation of bottom waters during sediment accumulation.
[78] Oxic conditions that prevail during slow deposition of deep-sea sediments can be transiently disrupted by increased organic matter supply, decreased bottom water oxygenation, or both. Tarduno [1994] argued that enhanced organic carbon supply during glacial periods resulted in reductive dissolution of magnetite at cyclic stratigraphic intervals. Links between nonsteady state diagenetic conditions and oxygenation of bottom waters are well exemplified by the widespread reductive dissolution of magnetite and authigenic growth of greigite in Eastern Mediterranean sediments that result from degradation of orbitally controlled organic-rich layers (sapropels) [van Santvoort et al., 1997; Roberts et al., 1999; Passier et al., 2001; Kruiver and Passier, 2001; Passier and Dekkers, 2002; Larrasoaña et al., 2003b Larrasoaña et al., , 2006 . Downward migration of oxygen into sapropels after their formation led to authigenic magnetite formation at paleooxidation fronts Kruiver and Passier, 2001; Passier and Dekkers, 2002; Larrasoaña et al., 2003b Larrasoaña et al., , 2006 Garming et al., 2004] . Comparison of magnetic and geochemical data indicates that diagenetic conditions associated with sapropels and the resulting magnetic signature are linked to both an enhanced supply of organic carbon and a simultaneous decrease of bottom water ventilation, with the latter factor determining the eventual magnetic properties [Larrasoaña et al., 2003b] . Use of whole-core measurement techniques [Mead et al., 1986; Weeks et al., 1993; Nagy and Valet, 1993; Roberts, 2006] enables time-efficient study of magnetic properties of long sedimentary sequences at high resolution, and has been used to assess long-term climatically modulated ventilation changes in the eastern Mediterranean Sea [Larrasoaña et al., 2003b] .
[79] The magnetic properties of lake sediments can also be affected by reductive diagenesis. Organic matter in lakes, especially arising from biologic productivity within the lake, dilutes the concentration of lithogenic magnetic minerals, which can result in a negative correlation between these parameters. In addition, lithogenic magnetic minerals can be partially to completely dissolved in organic-rich, freshwater sediments under anoxic diagenetic conditions through the same microbially mediated reactions that occur in marine sediments [e.g., Berner, 1980; Thompson, 1988, 1990; Roberts et al., 1996; Williamson et al., 1998; Reynolds et al., 1999] . The redox-driven processes are controlled by lake level, sediment accumulation rate, sediment organic matter content, availability of iron and sulfate [Berner, 1984] , and the grain size and composition of ironbearing minerals [Hilton and Lishman, 1985; Anderson and Rippey, 1988; Canfield et al., 1992; Morse and Wang, 1997; Poulton et al., 2004 ]. For example, lake level and stratification strongly affect lake conditions, and thus the preservation of magnetic minerals. Williamson et al. [1998] investigated tropical maar lake sediments from Lake Tritrivakely, Madagascar, in which high-coercivity "oxides" were preferentially preserved during dry periods with low lake levels but are absent in siderite-rich laminated sediments associated with permanent and stratified water bodies. In sulfidic/nonsulfidic environments, authigenic siderite can form and it can cooccur with greigite and pyrite in sulfidic environments [Berner, 1980; Oldfield et al., 1992; Roberts and Weaver, 2005] . This will either increase or decrease the bulk magnetization of sediments depending on whether greigite or a nonferrimagnetic final product forms. Stockhausen and Thouveny [1999] examined the magnetic properties of last interglacial sediments from Lac du Bouchet, France, and from two neighboring lakes (Lac St. Front and Ribains maar lake). Even the Lac du Bouchet c record, which provides an excellent detrital record of paleoclimate variations [Thouveny et al., 1994] , is partly attenuated by postdepositional magnetite dissolution. Poor correlation of c records among the three lakes indicates strong local effects (e.g., dissolution and dilution effects) on the original climatically modulated detrital signal.
Biogenic Magnetic Minerals
[80] Biogenic magnetic minerals are found in animals [Kirschvink and Gould, 1981; Wiltschko and Wiltschko, 2005] (e.g., birds [Beason et al., 1995; Altringham, 1996] , bats ), bees [Kirschvink and Kirschvink, 1991] , fish [Moore et al., 1990] , termites [Maher, 1998; Alves et al., 2004] ), and humans [e.g., Kirschvink et al., 1992; Fuller et al., 1995; Dubiel et al., 1999] . Biomagnetic material (e.g., ferritin) can also play an important role in disease [Dobson and Grassi, 1996; Dobson, 2001; Brem et al., 2006] . In this review, we focus on organisms that are relevant for environmental magnetic studies of sediments.
[81] Biogenic processes can produce magnetic minerals in two major ways within sedimentary environments, namely biologically controlled mineralization (BCM) and biologically induced (BIM) mineralization [Moskowitz, 1995; Bazylinski and Frankel, 2004; Kopp and Kirschvink, 2008] , respectively. BIM produces different iron oxide species (e.g., magnetite, goethite, lepidocrocite, and ferrihydrite) with a wide distribution of grain sizes [Hesse and Stolz, 1999; Egli, 2004a Egli, , 2004b . Finegrained greigite can also be produced by BIM processes, which are dominated by SP and a smaller proportion of SD particles [Watson et al., 2000] . The wide distribution of grain sizes produced means that environmental records associated with BIM magnetic minerals are difficult to discern even if they dominate the magnetic assemblage. In contrast, BCM pathways produce stoichiometrically pure and morphologically distinct SD crystals (magnetosomes) of either magnetite [Blakemore, 1975; Stolz et al., 1986; Pósfai et al., 2006; Li et al., 2010] (Figure 12 ) or greigite [Mann et al., 1990; Bazylinski et al., 1993; Kasama et al., 2006] that are used by magnetotactic bacteria to navigate along geomagnetic field lines in search of appropriate redox boundaries around and below, respectively, the oxic-anoxic transition zone (OATZ) Kopp and Kirschvink, 2008; Moskowitz et al., 2008] . Much initial interest in magnetotactic bacteria stemmed from the potential role of fossil magnetosomes (magnetofossils) as carriers of the natural remanent magnetization in sediments [Kirschvink, 1983; Stolz et al., 1986; Snowball, 1994] . Given the link between magnetotactic bacteria and specific redox and environmental conditions, magnetofossils are potential recorders of environmental variability [Oldfield et al., 1992; Lean and McCave, 1998; Yamazaki and Kawahata, 1998; Dinarès-Turell et al., 2003; Kopp and Kirschvink, 2008; Li et al., 2010; Roberts et al., 2011b; Yamazaki, 2012] and are useful markers of past biologic activity [Arató et al., 2005; Kopp and Kirschvink, 2008; Jiménez-López et al., 2010] .
[82] In marine sediments, magnetotactic bacteria are found from shallow (coastal) marine settings down to and exceeding water depths of 4,500 m [Stolz et al., 1986; Petermann and Bleil, 1993; Hesse, 1994; Hesse and Stolz, 1999; Bazylinski and Frankel, 2004; Housen and Moskowitz, 2006; Kopp and Kirschvink, 2008] . Despite the potential abundance of magnetosomes in modern marine sediments, reports of the occurrence of magnetofossils that dominate the magnetic signal of ancient marine sediments have not been frequent because these fine particles are prone to dissolution upon burial [e.g., Schwartz et al., 1997; Kopp and Kirschvink, 2008] . Studies of Quaternary marine sediments have shown that bacterial magnetite can carry a genuine syndepositional signal with changes in concentration and grain size linked to glacial-interglacial variations. Production of biogenic magnetite has been shown to decrease during glacial conditions in some settings in response to decreased oxygen contents in the pore waters, which likely resulted from a decrease in bottom water oxygenation and/or an increase in organic carbon supply [Hesse, 1994; Lean and McCave, 1998; Dinarès-Turell et al., 2003] . Similarly, production of equidimensional with respect to elongated magnetosomes has been reported to be favored during periods of decreased organic carbon supply [Hesse, 1994; Yamazaki and Kawahata, 1998; Yamazaki, 2012] , although other studies have shown the contrary relationship [Lean and McCave, 1998 ]. These studies imply that bacterial magnetite was produced at or above the sediment-water interface. However, some studies have shown that bacterial magnetite can be produced within the sediment column if redox conditions force the OATZ to be buried beneath the sedimentwater interface. In this case, magnetofossils can be carriers of a bio(geo)chemical magnetization with an environmental signal that is younger than the host sediments [Tarduno and Wilkison, 1996; Tarduno et al., 1998; Abrajevitch and Kodama, 2011] . Bacterial magnetite preservation indicates diagenetic conditions that enabled its preservation with ongoing sedimentation. Such environmental signals are typically linked to increased sediment accumulation rates or to changing paleoproductivity during Quaternary glacialinterglacial cycles [Tarduno et al., 1998; Abrajevitch and Kodama, 2011] . Nevertheless, a major remaining difficulty in interpreting ancient magnetofossil records is disentangling the competing signals of magnetofossil productivity and preservation [Hesse and Stolz, 1999] .
[83] A notable exception to the general lack of bacterial magnetite in pre-Quaternary sediments is the PaleoceneEocene thermal maximum (PETM), which is one of the best ancient analogs for major global warming [Zachos et al., 2001] . Several authors have demonstrated the widespread occurrence of biogenic magnetite in shallow PETM (<200 m water depth) sediments from the mid-Atlantic U.S. continental margin [Lippert and Zachos, 2007; Kopp et al., 2007 Kopp et al., , 2009 Schumann et al., 2008] . Kopp et al. [2009] hypothesized that magnetofossils preferentially accumulated near the mouth of a large tropical river in response to enhanced global warmth and humidity, which resulted in increased organic carbon and terrigenous supply to the continental shelf and thereby favored proliferation of magnetotactic bacteria. The striking coincidence of magnetofossils with PETM sediments suggests a preservation effect linked to establishment of a thick zone with suboxic diagenetic conditions, which resulted from a transient increase in sedimentation rates that isolated PETM sediments from underlying sulfidic sediments [Dickens, 2008; Kopp et al., 2009] . If this is the case, magnetofossil abundances are unlikely to be reliable proxies of bacterial activity. Rather, they are more likely to be indicative of specific, transient diagenetic conditions in the sedimentary record. In deep marine settings, where iron is an essential limiting micronutrient for phytoplankton, optimal conditions for accumulation and preservation of magnetite magnetofossils have been suggested to be provided by the iron supplied by eolian dust [Roberts et al., 2011b; Larrasoaña et al., 2012] . Such iron fertilization would enhance primary productivity and subsequent export of organic carbon to the seafloor, thereby providing mild iron-reducing conditions that would release iron from the most reactive components of eolian dust to enable both growth and preservation of magnetofossils. The common report of magnetofossils alongside eolian dust [Bloemendal et al., 1992; Yamazaki and Ioka, 1997b; Dinarès-Turell et al., 2003; Yamazaki, 2009; Abrajevitch and Kodama, 2011] suggests a widespread link between magnetotactic bacteria and iron fertilization by eolian dust, although this mechanism will only apply in marine environments that are iron limited [Roberts et al., 2011b] .
[84] Greigite magnetosomes have been reported in marine sediments, within anoxic environments below the OATZ Vasiliev et al., 2008; Kopp and Kirschvink, 2008; Lefèvre et al., 2011] , although there have been few reports of greigite magnetofossils in the geological record. Greigite magnetofossils are expected to produce a delayed bio(geo)chemical magnetization, although the delay in recording should be small in rapidly deposited sediments where the OATZ can lie within the water column or at shallow depths within the sediment column.
[85] Magnetotactic bacteria have been reported near the sediment-water interface in lakes and swamps worldwide [Hawthorne and McKenzie, 1993; Peck and King, 1996; Hesse and Stolz, 1999] . In most lakes from temperate or semiarid climate zones, which often have high biologic productivity and sediment accumulation rates, anoxic conditions prevent preservation of magnetofossils upon burial [Hesse and Stolz, 1999] . In many high-latitude lakes, a combination of relatively small catchments with low relief, vegetated surfaces and seasonal ice cover limits detrital input and produces optimal conditions for magnetofossil formation and preservation in Late Pleistocene and Holocene sediments [Snowball, 1994; Nolan et al., 1999; Snowball et al., 1999 Snowball et al., , 2002 Paasche et al., 2004; Paasche and Løvlie, 2011] . Variations in magnetofossil concentrations in such lakes can carry important paleoenvironmental information at glacialinterglacial to seasonal time scales, although the mechanisms linking climate and magnetofossil abundances remain a matter of discussion [Paasche and Løvlie, 2011] .
Anthropogenic Pollution
[86] With development of new techniques during the past two decades, environmental magnetism has become increasingly mature. Relevant applications are not confined to analysis of sediments, but address an array of questions. Environmental magnetic methods have been widely used to investigate the degree, source, scope and temporal evolution of anthropogenic pollution related to industrial and other human activities [Oldfield et al., 1985; Maher and Thompson, 1999; Petrovský and Ellwood, 1999; Muxworthy et al., 2001; Evans and Heller, 2003; Horng et al., 2009] . There have been two main phases of pollution studies using magnetic approaches, as discussed below.
[87] The basic principles of the subject were established in the 1980s, including identification of linkages between magnetic properties and heavy metal concentrations, and recognition of the special morphology of anthropogenically produced magnetic particles [Oldfield et al., 1985; Maher and Thompson, 1999] . For example, magnetic spherules produced during fossil fuel combustion and during iron or steel production [Heller et al., 1998 ] are clearly distinguishable from their natural counterparts. Generally, magnetic minerals of industrial origin have larger grain sizes than natural magnetic minerals, and therefore have lower ARM/SIRM ratios. Winnowing of larger particles means that ARM/SIRM systematically increases downwind. For most cases related to fossil fuel combustion, there is a positive correlation between magnetic mineral concentration and that of heavy metals (e.g., Pb, Zn, Cu, Co, Ni) in pollutants [Heller et al., 1998 ]. Magnetic minerals can act as pollutant carriers through adsorption [Rose and BianchiMosquera, 1993] , and by structural incorporation of heavy metals into the mineral [Cornell and Schwertmann, 2003] . Thus, it is practical to semiquantify the degree of pollution using magnetic parameters at a local (regional) scale.
[88] The last decade has seen rapid progress in magnetic studies of pollution. One reason for progress is the ease of access to materials for such studies. While early studies focused more on lake or river surface sediments [e.g., Oldfield et al., 1985] , recent studies have extended their scope to a wide range of materials including tree leaves [Matzka and Maher, 1999; Moreno et al., 2003; Hanesch et al., 2003; Lehndorff et al., 2006; Maher et al., 2008; Szönyi et al., 2008] , tree rings [Zhang et al., 2008] , tree bark [Huhn et al., 1995] , tree roots [Jordanova et al., 2003] , grass [Hoffmann et al., 1999; Jordanova et al., 2003] , air filters Sagnotti et al., 2006] , roads and roadside dusts [Hoffmann et al., 1999] , subway dusts [Zhang et al., 2011] , fly ashes [Blaha et al., 2008] , soils [Hanesch and Scholger, 2002; Blundell et al., 2009a] , and other materials. For example, because of their large total surface area and wide distribution, tree leaves are excellent media for particle collection. Tree leaves also provide a nonmagnetic background for collecting particles and leaf wax helps leaves to trap and retain particulate pollutants. Furthermore, consistency can be achieved by using the same deciduous tree species with leaves of the same age [Maher et al., 2010] .
[89] Progress in pollution-related environmental magnetic studies has been driven by focus on local (regional) studies [Blundell et al., 2009a] (Figure 13 ) on seasonal (or yearly) time scales, although large-scale mapping of anthropogenic inputs has also been conducted [Hay et al., 1997; Hanesch and Scholger, 2002] . For example, local studies have been carried out around iron and steel plants [e.g., Strzyszcz et al., 1996] , or along streets or highways [e.g., Moreno et al., 2003] . Compared to the complications of lake and marine sediments, the provenance of pollution and the transportation pathways are often well defined. The techniques for identifying and quantifying the degree of pollution using magnetic techniques are well established, therefore studies of subnational or national soil data sets [Boyko et al., 2004; Fialová et al., 2006; Hanesch et al., 2007; Blundell et al., 2009a] have focused on determining larger scale pollution patterns using statistical methods [Blundell et al., 2009b] . For these larger-scale studies, regional differences in pedogenic processes must be considered to enable discrimination of pollution signals from the highly magnetic soil background [e.g., Dearing et al., 1996] . A second branch of studies has aimed at constructing time series for environmental monitoring [Kim et al., 2007] to determine spatiotemporal variations in pollution patterns. The largest magnetic anomalies can be easily detected, but the exact nature of pollution needs to be further investigated by other more diagnostic techniques.
[90] The benefits of magnetic detection of pollution are its speed, cost effectiveness and sensitivity to a particle size range of recognized hazard to human health (i.e., particulate matter ≤10 mm, known as PM10), while its major weakness is that magnetic properties are not necessarily related to the concentration of any toxins (e.g., Pb). Thus, while environmental magnetism can be used to detect a wide range of pollutants, it is best suited to detecting particulates that represent a respiratory hazard. There is considerable scope for future work in this area. In other situations, magnetic methods can be used to detect pollution "hot spots" that can then be investigated in more detail with more expensive and time consuming, but more immediately diagnostic, techniques for assessing human health or other hazards. To make progress with magnetic monitoring of pollution, it will be important to become more multidisciplinary, with input from toxicology, epidemiology, geographic information systems, environmental statistics, and with involvement of local authorities to develop meaningful strategies to mitigate the effects of pollution.
AMBIGUITIES OF MAGNETIC PARAMETERS AND INTERPRETATIONS
[91] As summarized above, magnetic parameters have been widely used to address environmental questions. Dekkers [1997] briefly listed several drawbacks of using magnetic parameters (e.g., the nonuniqueness of some parameters and the complexities of mixed magnetic mineral assemblages). Nevertheless, nonuniqueness in interpretation of magnetic parameters in terms of environmental processes is often neglected. Linking magnetic parameters to natural processes requires detailed consideration of such ambiguities.
Inherent Complexities of Magnetic Parameters in Monomineralic Magnetic Assemblages
[92] Even when magnetic properties are dominated by a single magnetic phase, multiple factors, including domain state, measurement frequency, magnetic interactions, impurities, etc., will affect the magnetic properties. We consider such variables below.
Domain State
[93] As mentioned earlier, mineral magnetic properties systematically change with respect to domain state. Many magnetic properties of SP and MD particles are frustratingly similar. For example, both SP and MD particles have higher c values than SD and fine-grained PSD particles, although the intrinsic magnetic behavior of SP and MD particles is different. If the magnetic mineral concentration of a sample is constant, a c enhancement could be due to either the presence of more SP particles (e.g., paleosols from the CLP, which are dominated by pedogenic processes) or to a coarsening of grain size to PSD or MD particles (e.g., paleosols from Siberia, which are controlled by wind dynamics). A solution to this problem is to determine the grain size distribution of the magnetic mineral assemblage. If the fine-grained particles have a relatively broad grain size distribution spanning both SP and SD particles, c fd % is useful for detecting viscous SP particles near the SP/SD threshold size ($20-25 nm for magnetite) ( Figure 6 ). A positive correlation between c fd and bulk c indicates that the bulk c is controlled by the concentration of these fine particles rather than by variations in grain size. However, c fd (or c fd %) is not sensitive to extremely fine particles (e.g., <10 nm) because the c of these SP particles is independent of measurement frequency. Low-temperature (<300 K) c fd measurements are needed to detect such grains [Worm and Jackson, 1999; Liu et al., 2005a; Jackson et al., 2006; Egli, 2009] . However, such sophisticated rock magnetic measurements are not widely accessible. In this case, combined measurement of c fd , c/M s , correlation between ARM and c, and the timed viscous decay of IRM are suggested to deduce the possible presence of SP particles.
[94] Coarse PSD and MD particles often have a c fd peak at $50 K due to relaxation of domain walls in magnetite or titanomagnetite [Šimša et al., 1985; Radhakrishnamurty and Likhite, 1993; Moskowitz et al., 1998; Skumryev et al., 1999; Kosterov, 2003; , which can be confused with signatures due to SP particles with sizes of several nm. Such a peak has been observed for soil samples from Argentina. Liu et al. [2010] found that this peak is resistant to the CBD reagent, which dissolves submicron pedogenic ferrimagnets. This strongly indicates that the 50 K c fd peak in Argentinian soils is not caused by extremely fine SP particles, and thus excludes a special formation mechanism for such unusual pedogenic particles, which are not observed elsewhere. Instead, it appeared to be associated with coarse lithogenic material.
[95] ARM also depends strongly on domain state. By definition, SP particles cannot carry a remanence. However, natural samples almost always have a grain size distribution (e.g., a lognormal distribution), thus ARM does not respond uniformly to changes in average magnetic grain size. SD particles have the highest ARM per unit mass. Therefore, ARM has been widely used as a proxy for the SD particle concentration. However, when the concentration of PSD/ MD particles is also significant, their contributions to the ARM of bulk samples cannot be neglected. In this case, the ARM remaining after AF demagnetization at 20 mT can efficiently eliminate the effects of PSD/MD particles. Equally, a partial ARM (pARM) imparted with an AF >20 mT is superior to the ARM alone for semiquantifying the concentration of SD particles [Liu et al., 2005d] .
[96] Beside concentration-dependent magnetic parameters, bivariate ratios are designed to cancel the effects of magnetic mineral concentration, and enhance the signal due to variations in grain size. The most popular ratios are c ARM /c, ARM/SIRM, c/M s , M rs /M s , and c fd /c. Ambiguities in interpreting these ratios arise in two ways. First, inherent ambiguities for a single parameter (e.g., c and ARM) can be inherited by the ratio. Second, the ratio can be modulated by the denominator. Bivariate plots can help to unravel such effects and identify magnetic grain size variations. For example, linear correlation between two magnetic parameters, say c ARM and c, indicates that the grain size distribution is constant for the magnetic particles that contribute to c ARM and c. In contrast, changes in c ARM /c can indicate variations in the grain size of magnetic minerals.
[97] Similarly, c fd /c (or c fd %) is inherently related more to the grain size distribution than to the magnetic mineral concentration [Worm, 1998 ]. For example, pedogenically produced ferrimagnetic nanoparticles in paleosols from the CLP have a fixed grain size distribution with peak grain size of 20-25 nm, which coincides with the SP/SD boundary for maghemite [Liu et al., 2004c [Liu et al., , 2005a [Liu et al., , 2007a . This can be clearly demonstrated by linear correlation between c fd and c for samples across a loess to paleosol transition. However, c fd % also gradually increases with increasing pedogenesis in incipient soils. Assuming that c fd % for a bulk sample is caused only by changes in the grain size distribution can lead to the faulty conclusion that the grain size distribution of the pedogenic maghemite is narrower for more mature paleosols. Such an apparent contradiction results also from neglecting the effects of the lithogenic background signal [Liu et al., 2004c] .
Isomorphous Substitution
[98] Fe in magnetic minerals is often isomorphously substituted (e.g., by Ti or Al within the crystal lattice). Titanomagnetites are practically regarded as a new class of mineral rather than as Ti-substituted magnetite. Thus, confusion between magnetite and titanomagnetite has been well resolved. However, ambiguities remain for hematite and goethite. These minerals are treated as high-coercivity minerals, but in reality both have a wide range of coercivities [e.g., Roberts et al., 2006] . The coercivity of stoichiometric goethite can be higher than several tens of Tesla [Rochette et al., 2005] . However, because of its low T N ($120 C), T N sharply decreases with increasing Al content, and the coercivity decreases accordingly. When T N approaches room temperature, Al-goethite is paramagnetic, and by definition, the coercivity will be zero. Liu et al. [2007b] found that when the Al content is >$13-15 mol% (a reasonable value for Al-goethite in soils), the room temperature coercivity of Al-goethite is <100 mT, which is comparable to that of magnetite. Hematite also has a complicated response to Al substitution. The T N of hematite is 680 C, therefore effects associated with the reduced T N due to Al substitution are less important. Nevertheless, Al substitution still affects the coercivity in two ways: by changing internal stress and the size of the unit cell. Initial substitution of Al increases the internal stress of Al hematite, which enhances coercivity. However, with further Al substitution, the unit cell size decreases and the grain size of Al-hematite systematically shrinks, which results in reduced coercivity. As the grain size decreases below 20-30 nm, the SP/SD threshold size for pure hematite [Banerjee, 1971] , the coercivity of Al hematite approaches zero (i.e., it becomes superparamagnetic).
[99] The large coercivity range of Al-hematite with respect to Al content also strongly affects parameters such as HIRM and S ratio, which have been widely used to trace the "absolute" and "relative" concentration of hematite and goethite, respectively. Clearly, these two parameters cannot detect either pure goethite (extremely high coercivity) or Al-goethite with Al content >13-15 mol% (low coercivity, <100 mT). HIRM for Al-hematite and goethite correlates positively with bulk coercivity [Liu et al., 2007b] . Thus, these two parameters can only be interpreted in a conventional way when the hardness parameter (L ratio) remains constant. Combined interpretation of HIRM (S ratio) with the L ratio is highly recommended.
Magnetic Interactions
[100] In most environmental magnetic studies, magnetic parameters are interpreted by assuming a negligible influence from magnetostatic interactions among magnetic particles. However, magnetostatic interactions can have an important influence on the magnetic properties of SP/SD grains. Sugiura [1979] demonstrated that ARM/SIRM decreases with increased magnetite concentration. Yamazaki and Ioka [1997a] found that ARM/c is related to magnetic mineral concentration in Pacific Ocean sediments. This strongly indicates that the effects of magnetic interactions on ARM/c should be considered to enable accurate interpretation of this ratio as a grain size proxy and to use ARM as a reliable magnetic concentration-dependent parameter for estimating relative geomagnetic paleointensities [Yamazaki, 2008] .
[101] On the basis of numerical simulations, Muxworthy et al. [2004] confirmed that interacting SD particles exhibit more MD-like behavior, which indicates that the SD particles become magnetically softer than their noninteracting counterparts. In contrast, interactions among SP particles efficiently increase their magnetic anisotropy and they become more SD-like, resulting in a sharp drop in c fd values [Muxworthy, 2001] . Similarly, PSD magnetite particles with grain sizes >100 nm also become more magnetically stable under the effect of magnetic interactions, e.g., shifting hysteresis parameters from PSD to SD values [Muxworthy et al., 2003] .
[102] To detect the effects of magnetic interactions, there are three main approaches: (1) determination of the Wohlfarth R value of Cisowski [1981] , (2) investigating the interaction field distribution parallel to the y axis of a FORC diagram [Pike et al., 1999; Roberts et al., 2000; Muxworthy et al., 2004] , and (3) assessing any correlation between ARM/c (or ARM/SIRM) and magnetic mineral concentration [Yamazaki and Ioka, 1997a; Yamazaki, 2008] . Noninteracting SD particles have an R value of 0.5; magnetic interactions reduce the R value [Cisowski, 1981] . However, interpretation of R values <0.5 becomes ambiguous because such values can be produced by non-SD behavior as well as by magnetic interactions. The effects of magnetic interactions can also be expressed by a broadened distribution along the y axis in FORC diagrams. For example, such a pattern is indicated by strongly interacting greigite particles in natural samples . Pike et al. [1999] demonstrated that FORC diagrams are quantitatively much more sensitive to detection of magnetic interactions than approaches similar to those of Cisowski [1981] . Finally, negative correlation between ARM/c and magnetic mineral concentration has been used to detect magnetic interactions [Yamazaki and Ioka, 1997a; Yamazaki, 2008] . However, the North Pacific sediments on which these parameters have been used contain mixed magnetic mineral assemblages and it is not clear that the magnetically interacting component is the same as the strongly magnetic component in these sediments. Such possibilities are much more clearly discerned using FORC diagrams. Each of these lines of evidence can potentially be used to indicate magnetic interactions, although caution is needed to avoid misinterpretation of the presence or absence of interactions in environmental studies. FORC diagrams provide the most robust means of estimating magnetic interactions [Pike et al., 1999] .
Resolving Ambiguities Associated With Environmental Processes
[103] Ambiguities inherent to magnetic parameters can be resolved using sophisticated magnetic measurement and data analysis techniques. For mixed magnetic mineral assemblages, separation of magnetic signals (section 2.2) is crucially important. However, there remain additional barriers to uniquely linking magnetic parameters to environmental processes. Unlike climatic proxies that can be quantitatively linked to environmental processes (e.g., oxygen isotopes), magnetic parameters often provide only semiquantitative information in terms of shifts in the balance between two contrasting climatic states. In most contexts, magnetic properties are related to climate through a range of potentially interacting environmental processes. From source to deposition, magnetic minerals released from rocks by weathering experience tectonic, environmental, and climatic processes that transport and alter the minerals. For example, grain size variations in eolian PSD/MD magnetite from the CLP can be related either to changes in the distance from source or wind strength, or both. More detailed information is needed to distinguish between such processes. Furthermore, magnetic minerals in natural samples can have multiple origins that are related to different processes. For example, the c signal of marine sediments from ODP Site 882 in the North Pacific Ocean was initially interpreted as an IRD signal [e.g., Haug et al., 1995] . However, recent work has demonstrated that the c variations are caused more by eolian and volcanic inputs [Bailey et al., 2011] . Finally, postdepositional processes can alter lithogenic magnetic minerals to different extents, thereby obscuring the original environmental signals.
[104] Interpretation of rock magnetic data in many contexts requires evaluation of possible links between sources and deposited materials. Several processes may make this unreliable if measurements are only performed on bulk samples [Oldfield et al., 2009] . These processes include hydrodynamic sorting and winnowing during transportation, postdepositional alteration and pedogenesis, and contributions from biogenic magnetic minerals. While care is needed to resolve such ambiguities, the techniques outlined above can assist researchers to reach robust environmental conclusions.
FUTURE OF ENVIRONMENTAL MAGNETIC STUDIES

General Environmental Magnetism
[105] All materials exhibit a magnetic response to an applied field, so magnetic parameters can be used to investigate many natural materials and processes (climatic and environmental change, and a wide range of geological processes). However, as discussed above, interpretation of magnetic parameters is often complicated. Contributions of magnetism to climatic and environmental studies vary with context, site, and research focus. For example, in studies of Chinese loess and paleosol sequences, magnetic parameters have played a leading role in understanding the spatialtemporal evolution of the Asian Monsoon. To improve the significance and objectivity of environmental magnetic studies, it is important to differentiate between contexts in which magnetic properties provide useful proxies of environmental processes, and those in which magnetic measurements are complementary to and help to qualify, refine or reinforce evidence from other methods. In many contexts, it is more appropriate to base reconstructions of climate forcing on the best available proxies (e.g., stable isotopes, fauna, flora, etc.), and to use magnetic properties to help quantify the effects of climate change, although in complex environmental systems, separation between cause and effect is not always straightforward.
[106] When new environments, applications, time scales and archives are under investigation, magnetic parameters need to be studied alongside a wider range of environmental or climatic parameters. Such an interdisciplinary approach involves not only a combination of magnetic and nonmagnetic proxies, but also thorough discussion among different specialists. For example, it took more than a decade to determine the exact mechanism of the c enhancement for CLP paleosols [Zhou et al., 1990; Liu et al., 2007a] . Such efforts are equally important for lake sediments because of the complex magnetic mineral assemblages and the wide range of processes that can affect magnetic parameters. Therefore, the main benefits of environmental magnetism in the near future are likely to come from applications in interdisciplinary contexts. For example, when tracing eolian inputs into marine sediments, the hard fraction of magnetic remanences, DRS, geochemical parameters (e.g., Ti/Al), and mineralogical studies of nonmagnetic constituents (e.g., clay minerals, quartz) can combine powerfully to detect eolian materials and identify their sources. It will be essential to continue to develop additional analytical and statistical techniques. Further studies of hematite and goethite are needed. Unless the provenance and intrinsic magnetic properties of these minerals are invariant, proxies for the "hard" magnetic mineral concentration can be variable. The DRS technique seems to have potential for characterizing and quantifying the concentration of these minerals, particularly when using quantitative spectral unmixing techniques [e.g., . Nevertheless, DRS spectra are also strongly affected by Al substitution , so more robust understanding is needed of such effects to enable conversion of DRS measurements into hematite and goethite concentrations.
[107] Future studies are likely to involve transitional locations between different bioclimatic zones. In order to provide more robust environmental interpretations, and to avoid misinterpretations, adopting a source-to-sink approach (e.g., for lake and marine sediments) will be especially important. By doing so, site locations can be more accurately selected to minimize environmental variables in the source area and therefore to understand environmental signals in terms of climate variability.
[108] The power of environmental magnetism lies in the advantages it confers over other methods. Magnetic measurements are generally rapid and, therefore, large, high-resolution data sets can be obtained relatively easily, especially for bulk samples. Environmental magnetism is therefore well suited to rapid pollution monitoring at local or national scales, and to large-scale monitoring of other processes, e.g., dust transportation [Maher et al., 2010] . Magnetic properties also vary significantly even for nano-sized particles. Therefore, magnetic parameters have the power to characterize magnetic mineral assemblages in ways that provide important insights into environmental sources and processes. Moreover, magnetic measurements have the power to do this at concentrations that lie well below the measurement threshold for conventional mineralogical (e.g., XRD) and geochemical techniques. Finally, subtle relationships between ferrimagnetic and antiferromagnetic minerals in low concentrations can be investigated quantitatively, which cannot be easily achieved with other methods.
Future Studies of Loess and Soils
[109] Future environmental magnetic studies of loess and paleosol sequences need to resolve two important issues. First, the formation and transformation mechanisms of magnetic minerals during pedogenesis need further study. Second, detailed exploration of the paleoclimatic implications of loess magnetism, especially in the context of global climate change and its regional expression, is needed. Concerning the first issue, the fundamental question is why so little magnetite/maghemite is produced in soils that dry seasonally but that remain moist long enough to produce Fe 2+ . Mediterranean soils that are imperfectly drained (so that Fe 2+ is produced in winter) contain goethite but little hematite and maghemite. Therefore, magnetic mineral transformations during pedogenesis need further study. Another complexity arises from the fact that in some environments, magnetic properties may (partially) reflect conditions that prevailed under previous climatic regimes (e.g., terra rossa soils in Mediterranean climates). Intermediate magnetic phases produced during pedogenesis may not exist, therefore, analysis of combined mineralogical and/or magnetic data with respect to climatic factors (e.g., Hm/Gt and Hm/Mag versus temperature and precipitation) provide practical tests of proposed magnetic mineral formation mechanisms either from laboratory or model simulations. Concerning the second issue, comparison of loess and other eolian records from around the world will not only help to distinguish between global and local driving mechanisms, but it will also contribute to improving our understanding of atmospheric changes on a global scale [e.g., Roberts et al., 2011c] . Finally, provenance studies of loess are essential to generate comprehensive models for transport and postdepositional alteration.
Future Studies of Other Continental Sediments
[110] Lakes have advantages in recording local signals that can be put into historical context in relation to human activities. Continued emphasis is expected on paleoenvironmental and paleomagnetic studies. We consider that studies of fluvial and alluvial sediments will also become increasingly important because they have the potential to provide records of environmental variability in continental regions (e.g., the semiarid climatic belt) and periods (e.g., Neogene and Quaternary) that typically demand a multiproxy approach. They will also be relevant for source-tosink studies aimed at interpreting sedimentary records in marine and lacustrine environments. Loose surface sediments located in deflated areas and ice from ice caps and mountain glaciers also have potential for eolian source-tosink studies. Environmental magnetism of speleothems is also likely to be a growth area in the near future.
Future Studies of Marine Sediments
[111] Riverine supply has been under-studied compared to other terrigenous sediment sources despite the important role of rivers in the cycling of iron and carbon [Raiswell et al., 2006] . Environmental magnetic studies of sediment drifts can provide important insights into the evolution of thermohaline circulation and the configuration and functioning of ocean gateways. For both riverine supply and sediment reworking by bottom currents, careful selection of study sites and an accurate knowledge of source areas are especially relevant. In the case of terrigenous material supplied by ice, it is expected that future environmental magnetic studies will provide new insights into the extent and dynamics of ice caps not only during the Neogene and Quaternary but also during previous "ice house" periods and to assess the presence of smaller ice bodies during greenhouse periods [e.g., Eldrett et al., 2007] . Most current knowledge on past "ice house" periods, especially prior to the Paleogene, is based on studies of coarse-grained, diamicton-type sediments [Eyles, 1993] . By studying coeval, and much more volumetrically important, fine-grained, IRDbearing sediments, environmental magnetic studies should be able to provide new insights into the extent and dynamics of ancient ice caps. Antarctica has been permanently glaciated since the earliest Oligocene [e.g., Zachos et al., 2001] , as demonstrated by IRD layers in peri-Antarctic marine sediments that accumulated at those times [Ehrmann and Mackensen, 1992; Williams et al., 2010] . Records of IRD deposition are expected to exist just south of the present polar front (around 50 S), therefore environmental magnetic studies of circum-Antarctic marine sediments might provide important information on Antarctic ice sheet dynamics [Kanfoush et al., 2002] .
[112] Atmospheric dust is an important driver and indicator of climate change, yet knowledge of its global role during the Quaternary (let alone older periods) remains poor [Maher et al., 2010] . It is, therefore, expected that environmental magnetic studies of eolian dust in marine sediments will increase in frequency, especially considering the usefulness of magnetic minerals in identifying eolian dust and assessing the environmental variables that drive its formation. Additionally, eolian dust has often been reported to occur alongside biogenic magnetite [Bloemendal et al., 1992; Yamazaki and Ioka, 1997b; Dinarès-Turell et al., 2003; Yamazaki, 2009; Abrajevitch and Kodama, 2011; Roberts et al., 2011b; Larrasoaña et al., 2012] . Although potential links between dust and magnetotactic bacteria have not been studied in detail, their frequent cooccurrence suggests a causal link via dust as a provider of reactive iron for biomineralization [Roberts et al., 2011b; Larrasoaña et al., 2012] . Given the common link between bacterial magnetite and transient changes in redox conditions, better understanding of factors that control formation and preservation of bacterial magnetite in the marine sedimentary record is likely to be obtained by studying transient warming periods such as Paleogene hyperthermal (e.g., the PETM) and Mesozoic oceanic anoxic events (OAEs).
[113] Concerning postdepositional diagenetic changes, reductive dissolution of magnetic minerals and authigenic formation and preservation of greigite is expected to be increasingly used to signal variations between anoxic and oxic conditions, whether they are related to changes in sea ice cover (at high latitudes), ventilation of bottom waters (especially in semienclosed basins), in transient accumulations of organic-rich (e.g., sapropel-like) sediments, or to variations in the supply of riverine input, among many other cases. An additional prospective application of environmental magnetism is the signaling of the past presence of gas hydrates in ancient marine sediments by the cooccurrence of late diagenetic pyrrhotite and greigite [e.g., Housen and Musgrave, 1996; Larrasoaña et al., 2007; Enkin et al., 2007; Roberts et al., 2010] . Such studies could shed new light on events where gas hydrate stability has played a major role in driving or responding to climate change. One such event is the PETM, when an inferred sudden dissociation of gas hydrates resulted in a massive carbon cycle perturbation that drove a period of global warming [Zachos et al., 2001] .
[114] Potential targets for environmental magnetic studies of oxic postdepositional diagenesis are the so-called Cretaceous oceanic red beds, which are marine sedimentary rocks that occur between OAEs. These sediments record most of the climate variability during the progressive Middle to Late Cretaceous global cooling, but they have not been well studied until recently . Cretaceous oceanic red beds have been reported to host early diagenetic hematite and goethite in response to changes in the supply of organic carbon to the seafloor and bottom water oxygenation [Li et al., 2011] ; they therefore appear to be highly suitable for environmental magnetic analysis.
Future Studies of Biogenic Magnetic Minerals
[115] Future studies of biomagnetism are likely to focus on fundamental issues: reliable identification of biogenic magnetic minerals, biomineralization processes, and determination of environmental information from biogenic magnetic minerals. Magnetic criteria for identification of biogenic magnetite have been proposed, e.g., the low-temperature Moskowitz test and the typical noninteracting SD pattern in FORC diagrams [Egli et al., 2010] , but these may not guarantee correct identification, in part because magnetosome chains can collapse or oxidize [Li et al., 2010; Kind et al., 2011] . To help constrain biotic or abiotic origins of magnetic minerals, measurement of iron isotopes [Anbar et al., 2000] could prove useful by helping to determine the iron isotopic values associated with the two processes. To understand dynamic biomineralization processes, it is necessary to determine how environmental factors control magnetosome formation. Likewise, the ability to use magnetofossils with different morphologies to interpret paleoenvironmental records will require detailed understanding of modern environments and the locations of the habitats of different magnetotactic bacteria species within local redox gradients. A positive side benefit of research on magnetic biomineralization is the potential for contributing to basic rock magnetism. For example, Cao et al. [2010] synthesized ideal noninteracting nano-sized magnetoferritin with a narrow grain size distribution using the recombinant human H chain ferritin. Such materials can provide a better understanding of superparamagnetic systems, which are important for environmental magnetic studies.
CONCLUSIONS
[116] Environmental magnetism has developed considerably over the past 30 years so that it is now a sophisticated, quantitative discipline. With maturation of the subject, increasingly advanced measurement and data analysis techniques, and better understanding of the magnetic properties of an increasingly wide range of materials, environmental magnetism is well positioned to continue to address many important questions. Challenges remain in resolving ambiguities when interpreting magnetic properties, and in addressing complex environmental questions, but the armory of tools available to address such issues is large and expanding. Overall, we foresee a highly promising future for environmental magnetism within an interdisciplinary context that is likely to lead to the growing importance of magnetism in the environmental sciences.
NOTATION
Summary of the acronyms of major terms used in this paper.
c (k) magnetic susceptibility, massspecific (volume-specific) c para c of paramagnetic minerals within a sample c high high-field c taken from the high-field slope of a hysteresis loop c ferri c of ferrimagnetic minerals within a sample c ferri = c À c high c fd frequency-dependent susceptibility, c fd (= c lf À c hf ), where c lf and c hf are c measured at low-and high-frequency, respectively c fd % c fd /c ferri Â 100% [118] Mark Moldwin thanks the reviewers for their assistance in evaluating this paper.
